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SOME FACTORS INFLUENCING THE QUANTITATIVE DETER- 
MINATION OF NITRIC NITROGEN IN THE SOIL 


J. E. GREAVES anp C. T. HIRST 
From the Utah Agricultural Experiment Station 


Received for publication April 10, 1917 


For a long time man has been intensely interested in studying the nitric 
nitrogen of the soil. He has learned that its presence in a soil is necessary 
for the production of plants,.and hence is essential to his own existence. The 
nitric nitrogen in water is used as a measure of its purity. Recently it has 
been used in the manufacture of many synthetic compounds; especially is 
this true of explosives. Civilized nations have therefore come to prize greatly 
those substances which are rich, or comparatively rich, in nitric nitrogen. 
Hence, the literature on the subject is voluminous, and many methods have 
been developed for the determination of nitric nitrogen. Some of these are 
accurate and workable if used on the substance for which they were intended, 
and is used under suitable conditions. Others scarcely reach the dignity of 
qualitative tests. The more important of the methods have been listed and 
described by others (56, 18). Hence, it is needless for us to consider them in 
detail here. The majority of the methods have been developed for the de- 
termination of nitric nitrogen in water, fertilizers, and various substances 
comparatively easy to handle. Many are known to be inaccurate when used 
on substances rich in chlorine, while others are unreliable if used cn material 
high in organic matter. The conditions requisite for the successful use of 
some of the methods when used on substances high in soluble salts or various 
colloidal materials are not fully understood; hence, this work has been under- 
taken with the hope of perfecting a method suitable for the determination 
of nitric nitrogen in scils, especially those rich in soluble salts. 

A method for the determination of nitric nitrogen in soil must be accurate 
when applied to substances containing either much or little nitric nitrogen. 
It must be accurate when used on soils having large quantities of soluble salts 
and those ccntaining large amounts of organic matter. It should be fairly 
easy of manipulation so that a great number of determinations can be made 
in a short time. 

This last factor would eliminate all of the gasometric methods, for, while 
accurate, they require considerable time as well as expensive complicated 
apparatus. The Busch nitron (11) methcd is not applicable to soil as there 
are many substances in the soil which interfere (31, 39) in the method, and 
moreover, the reagent is very expensive. Organic matter interferes in the 
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Devarda (14), Tiemann-Schulze (22), Baussingault indigo (23) and Schlésing 
(38) methods, while organic matter is claimed to be without effect on the 
Ulsch (41) method. 

Results obtained by the electrolytic reduction method vary with a number 
of factors, namely, the concentration (25) of the acid, strength of current, 
kind of cathode (36), the deposition of copper at the cathode, whether smooth, 
spongy, or amalgamated, while chlorides (53) if present interfere. 

The sodium amalgam method yields a mixture of products (15) according 
to the conditions of the experiment. Among these are nitrogen, nitrous 
oxide, hydroxylamine, hyponitrite and ammonia. The tin reduction method 
is not reliable in the presence of organic matter, and the reduction to hy- 
droxylamine is not quantitative (28). Furthermore, neither it (32) nor the 
phenylamine (16) method is applicable in the presence of ferric salts. 

The titration of nitrates with ferrous sulfate (5) is not suitable for the 
determination of small quantities, while chlorides interfere. The results of 
the brucine method (29) vary with the acid and are not quantitative. The 
phenoldisulphonic acid method, while probably one of the most accurate for 
the determination of nitric nitrogen, is not applicable to colored solutions 
unless first clarified and the organic matter oxidized (49) and soil salts—es- 
pecially the chlorides and sulfates—cause a loss of nitrates (30, 45). 

The iodometric (19, 54) method is unsuited for the determination of nitrates 
in soil, as many factors interfere and the distillation must be conducted in a 
current of carbon dioxide. Even under this condition it-is far from being as 
accurate as many of the other methods. 

Alberti and Hempel (1) obtained excellent results with the Ulsch method 
on both pure nitrates and complex manures. L. von Wissel (54) used the 
Devarda and the Ulsch metheds cn solutions containing 16.5 per cent of 
nitrates. With the Ulsch method he recovered 16.38 per cent, while with 
that of Devarda he obtained 16.42 per cent. Schmdger (43) in comparative 
tests with the Raab-Bottcher, Ulsch, Devarda, and Kjeldahl-Foster methods 
obtained low results. Klut (27) considered the Schulze-Tiemann method 
best for the determination of nitric nitrogen in water and sewage, with 
the Ulsch method as a second choice. Bartow and Rogers (4) compared 
the aluminum reduction, the phenoldisulphonic acid, and the brucine sulfuric 
acid methods on water of known nitrate content; none of the results were 
satisfactory, as indicated by many wide differences in the check determinations 
of the same method. The aluminum reduction method was then carefully 
investigated and adopted as best for the water containing chlorides. Burgess 
(27) investigated the aluminum reduction method, using solutions of known 
nitrate content, and pronounced the method accurate even in the presence of 
large quantities of soluble salts and organic matter. 

From the above-cited literature it may be seen that none of the methods 
appear to be wholly without objections, but in so far as their use in the pres- 
ence of large quantities of soluble salts and organic matter is concerned the 
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aluminum reduction and the Ulsch methods are best. Therefore, in this 
work we have investigated these two methods, and on account of its extreme 
accuracy in the absence of chlorides, sulfates, and soluble organic matter, and 
because of the fact that the conditions of its use have been so carefully in- 
vestigated (13), we have used, wherever practicable, the phenoldisulphonic 
acid method for comparison. The methods as used were therefore the 
aluminum reduction as modified and described by Burgess (10), the phenol- 
disulphonic acid method as described by Stewart and Greaves (46), and the 
Ulsch method as described by Ulsch (51). 

In place of the specially constructed pear-shaped glass tube used by 
Ulsch we have used in the neck of the reduction flask a 2-hole stopper through 
which passes a bent tube which dips into a vessel containing water. Through 
the other opening in the stopper is passed a separatory funnel. This pre- 
vents the loss of any of the nitrate or ammonium sulfate due to the mechanical 
action of the rapidly evolved hydrogen. It also makes possible the addition 
of the sulfuric acid in small quantities, thus insuring complete reduction with 
smaller quantities of both iron and sulfuric acid than when the acid is all 
added at once. A series in operation is shown in Plate I. 


PREPARATION OF A CLEAR FILTRATE 


The investigator of “alkali soils” has difficulty in obtaining a clear fil- 
trate because in the watery extract of such soils we often find the degree of 
dispersion of the colloidal disperse phase so great and in such a stable form 
that the solution may be kept for years (7) without flocculation. Further- 
more, the particles of such a disperse phase are so small that it is impossible 
to separate them by means of filtration. It is, however, imperative, especially 
when using the phenoldisulphonic acid method, that the soil extract be free 
from colored colloidal material. Still further, no work has been done, so far 
as we know, to ascertain the influence of these colloids on the various reduc- 
tion methods. It is quite possible that if the colloidal material be protein- 
aceous in nature, subsequent treatment may yield from it ammonia which 
would thus vitiate the results. It is, therefore, essential that we have reli- 
able methods of preparing a clear aqueous solution of the soil nitrates. The 
ideal method would be one which yielded a clear solution without filtration. 
This would necessitate the addition of a flocculant to the soil infusion and 
such a substance should be rapid in action, remove only a minimum quantity 
of the nitrate from solution and must not interfere with the sensitiveness of 
the method. 

In our search for such an agent we have been guided by two main lines of 
evidence; first, those substances which have proved most efficient in floccu- 
lating other colloids from their dispersing media probably would be most 
efficient for soil; second, various flocculants have been used and recommended 
by others workers on similar soils. 
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The work of Linder and Picton (33) is especially valuable in this connec- 
tion, as they tested the precipitating powers of various salts on arsenious 
sulfide solution. Aluminum sulfate was the most efficient compound used, 
followed by aluminum chloride. Ferric sulfate was only about one-third 
and calcium salts were only one-fourth as effective, while it required 3200 
times as much sodium chloride as aluminum sulfate to bring about the same 
effect. Furthermore, McGeorge (34) has found aluminum sulfate the most 
efficient flocculant for clay. But while Wolkoff (58) found the aluminum 
compounds among the best, there was a great variation, depending upon the 
soil. This is a fact which may be expected when we recall Hardy’s rule that 
the precipitating power of an electrolyte for a colloid depends on the valence 
of the ion which carries the electric charge opposite to that of the dispersoid. 
The colloids found in the soil may be either the electro-negative colloid, clay, 
or the positive or negative organic colloid. 

Buhlert and Fickendey (9) recommended the addition of 2 per cent of 
sodium chloride, while King and Whitson (26) used potassium alum. But 
the quantity of alum recommended by them gave with some soils (44) a 
cloudy solution which had to be filtered before it could be read in the colorim- 
eter. Furthermore, in the presence of sulfates there is a loss of nitrates 
when the phenoldisulphonic acid method is used. Chamot (12) and co- 
workers found aluminum cream the best precipitating agent of several tested 
for organic matter, and that it occasioned no loss of nitrates. But Lipman 
and Sharp (30) found potassium alum, aluminum cream, and bone black all 
decidedly unreliable, as they all induced losses of nitrates in the phenoldi- 
sulphonic acid method. They found lime to be much more reliable, the 
losses of nitrates incurred through its use being small. But it must nt be 
used in this method in connection with chloroform, as the double decomposi- 
tion which takes place under this condition forms chlorides, thus interfering 
with the accurate determination of nitrates (47). We have used very exten- 
sively in our work (46) on soil nitrates the Chamberland-Pasteur filter, which 
gives a clear solution and occasions only slight losses of nitrates (8). 

From the above review it would appear that the most likely flocculants 
are sodium, potassium, and iron alum, ferric sulfate, lime, finely precipitated 
calcium carbonate, and talc. Hence, these, together with the Chamberland- 
Pasteur filter and the centrifuge, were tested on two soils—one a brickyard 
clay, the other very high in organic matter. 

Two grams of each reagent were used in 500 cc. of water containing 100 
grams of the soil. The mixtures were shaken for ten minutes in a mechanical 
shaker and then stood upright. After standing for ten minutes most of the 
solutions were quite clear and were pipetted off. They were compared, the 
one with the other, in a colorimeter with the result that a column 100 cm. 
deep of the lime-teated solution had a turbidity equivalent to a column of the 
potassium-alum-treated soil 40 cm. deep; the sodium-alum-treated 27 cm.; the 
ferric-sulfate-treated 26 cm.; and the ferric-alum-treated solution 24 cm. deep. 


DETERMINATION OF NITRIC NITROGEN IN THE SOIL 183 


Both soil-water mixtures, without a flocculant, were clear after centrifuging 
fifteen minutes at a speed of 1200 revolutionsper minute. Soil-water mixtures 
to which calcium carbonate or talc had been added were not clear after standing 
several hours. 

The quantity of nitric nitrogen in the clear solution was determined by the 
aluminum reduction, the Ulsch reduction, and the phenoldisulphonic acid 
methods. The average results obtained for the clay soil are given in table 1, 
while those for the soil high in organic matter are given in table 2. Deter- 
minations were made of the nitric nitrogen in 20 grams of soil, also determina- 
tions of the quantity in 20 grams of soil to which had been added 10 mgm. 
of nitric nitrogen. In place of reporting the results for each separate deter- 
mination we have reported the average, together with the standard deviation, 
according to the following formula: 


in which S = the sum of the squares of the difference between each result 
and the average of all the determinations; and » = the number of determina- 
tions in the average. 

It was thought unnecessary to use the phenoldisulphonic acid method in 
the presence of any of the sulfates, as previous workers have shown these 
substances to interfere with the accuracy of the method. 

The results obtained on the soil alone by the Ulsch method are invariably 
higher than those obtained by either of the other methods. They are also more 
uniform in the method of Ulsch than in the other methods. Furthermore, 
as may be seen from an examination of the reported standard deviation, the 
agreement between duplicate determinations is better than with the other 
methods. The greatest deviation in the Ulsch method is only +0.14. In the 
aluminum reduction method it is +0.39, while in the phenoldisulphonic acid 
method it is + 1.235, but in this case the error is great when calcium carbonate 
was used as the flocculant and the solutions were very turbid when ana- 
lyzed. But even with allowance for this, the variation between duplicates 
is much greater than with either of the other methods, for we find that the 
error is great even where the solution was filtered or centrifuged. These solu- 
tions were clear, but the colored soluble colloids which are often in soil solu- 
tions, and which it is impossible to remove without oxidation interfere in the 
phenoldisulphonic acid method. 

The average quantity of nitric nitrogen recovered by the Ulsch method 
where 10 mgm. of nitric nitrogen were added to the soil with the various floc- 
culants was 99 per cent. The minimum quantity (93 per cent) was obtained 
where the centrifuge was used, and the maximum (101 per cent) where the 
iron alum was used. The average for the aluminum reduction method was 
92 per cent, the minimum (88 per cent) where the talc was used, and the 
maximum (97 per cent) where the iron alum was the flocculant. The varia- 
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tion in results where the phenoldisulphonic acid method was used is very 
great, amounting in the extreme to over 100 per cent. It is interesting to 
note that where the calcium carbonate was used as the flocculant, usually 
greater quantities of nitrates were recovered than when the other clarifying 
agents were used. This may be due tothe absorption of some of the nitrate 
by the flocculated colloid or to the precipitant carrying down mechanically 
some of the nitrates with the colloids, or in the turbid solutions the fine ma- 
terial left in suspension may contain nitrogen compounds which on subsequent 
treatment yield ammonia. This latter explanation does not seem plausible on 
examination of the results given in table 2, where we have a loam soil rich in 
organic matter. In this series the increase where talc or calcium carbonate is 
used as the flocculant is no greater than it was with the clay soil, yet the sus- 
pended nitrogen-carrying colloid and soluble organic matter would be several 
times greater in the loam than in the clay soil. 

The results, as a whole, for the loam soil are similar to those obtained with 
the clay. The Ulsch reduction method invariably gives the highest results 
with the least standard deviation. Moreover, the average nitric nitrogen 
recovered with the Ulsch method was over 99 per cent of the 10 mgm. of nitric 
nitrogen which had been added to the soil, while the aluminum reduction 
method recovers cnly 95 per cent, and the phenoldisulphonic acid method 
yields 103 per cent; hence, with both soils the best average and individual 
results have been obtained with the Ulsch reduction method. Further, there 
would appear to be a number of objections which may be brought against the 
aluminum reduction method, as proposed by Burgess. The method, as out- 
lined by him, permits of an appreciable loss of ammonia as one can invariably 
detect the odor of ammonia on removing the stopper from the reduction 
tube, and, this being the case, there would be a small loss, and the results 
which have been reported in the preceding tables indicate that this is a 
measurable quantity. It is necessary that reduction take place in a thermo- 
stat where the temperature can be carefully controlled, in order to obtain 
even fair results, and it requires several hours for complete reduction. More- 
over, even under these conditions we often find tubes in which little or no 
reduction has taken place, owing to coatings which may be on the fresh alu- 
minum (35), or which may deposit from the soil solution. Hence, the Ulsch 
reduction method would appear to be better suited to the determination of 
nitric nitrogen in soil than the aluminum reduction method. 

There is nothing in these results which would indicate that a greater error 
is introduced by the use of the Chamberland-Pasteur filter than by the use 
of a flocculant, and it is certain that where the phenoldisulphonic acid method 
is to be used the solution should be prepared by centrifuging or filtering 
through the Chamberland-Pasteur filter. With the Ulsch method results so 
far reported indicate that quick lime or alum may be permissible, as they 
give clear solutions with a considerable saving of time. 

But Patten and Snyder (37) found that where lime had been used as the 
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flocculant, both the phenoldisulphonic acid and the aluminum reduction 
methods gave low results. Moreover, they claim that calcium carbonate is 
just as efficient in clarifying soil solutions as is lime; but this is not in keeping 
with our experience, for many of the soil solutions with which we have to 
deal and to which either calcium carbonate or talc have been added are not 
clear even after standing several hours. For these reasons we have used the 
Ulsch method on solutions which have been clarified by both lime and alum to 
determine the minimum quantity of these flocculants necessary to produce a 
clear solution and to determine the influence of varying quantities upon the 
accuracy of the method. The average results from such a test are given in 
table 3. They are the average of four or more determinations. The deter- 
minations were made at different times and on two different soils, hence are 
not directly comparable the one with the other, but each is comparable where 
it received different quantities of the respective flocculant. Both were rich 
greenhouse soils. 


TABLE 3 
Nitric nitrogen found in 100 grams of soil to which various quantities of lime and alum had 
been added 
MILLIGRAMS OF NITROGEN FOUND IN 100 GRAMS OF SOIL IN THE PRESENCE OF 
QUANTITY OF 
FLOCCULANT USED 
Lime Standard deviation Alum Standard deviation 
grams 
0.5 19.00 +0.213 9.14 +0.014 
1.0 18.30 +0 .329 9:7 +0.014 
2.0 18.20 +0. 403 9.31 +0 .042 
5.0 18.00 |  +0.084 | 


It may be seen from the results reported in tables 1 and 2 that solutions 
which have been treated with lime gave low results as compared with others 
which were clarified by the centrifuge or the Chamberland-Pasteur filter, and 
from the results in table 3 we find that the quantity of nitric nitrogen recov- 
ered from a soil varies with the quantity of lime added. Furthermore, as 
may be seen from the results reported under “standard deviation,” the agree- 
ment existing between determinations made on samples containing the same 
quantities of nitric nitrogen and lime do not agree. But, even in the presence 
of lime, in none of our work with the Ulsch method have we obtained such 
variation as is reported by Patten and Snyder when the aluminum reduction 
or phenoldisulphonic acid methods are used. But it is evident that lime does 
interfere, even in the Ulsch method. 

Where alum was used as the flocculant, clear solutions were obtained with 
0.5 gram and it is not likely that more than 2 grams would ever be required 
to clarify the solutions from any soil. The results obtained with this floccu- 
lant are slightly high and can readily be obviated by using in the check on the 
chemicals the same quantity of alum as has been applied to the soil. It is 
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important to note that the variation between different determinations is very 
small where alum was used as the flocculant. 

The low results obtained in the presence of lime are not due to the removal 
by the lime of colloidal organic material, which, if left in solution, may in sub- 
sequent treatment break down and yield ammonia, for similar low results are 
obtained when lime is added to a pure solution of sodium nitrate, as may be 
seen from the results given in table 4. 


TABLE 4 
Nitric nitrogen recovered from solutions of sodium nitrate containing various flocculants 
nin niinni = saci NITRIC NITROGEN STANDARD 
CONTENTS OF SOLUTION USED FOUND DEVIATION 
MPD PMPTNE IED: MMPRINUNOIR Goce ss ovo oie wisi Sven odes ene as 39.88 +0.150 
40 mgm. nitric nitrogen + 5 grams lime............... 38.84 +0.599 
40 mgm. nitric nitrogen + 2 grams alum............... 39.93 +(0).128 
40 mgm. nitric nitrogen + 10 grams CaCOQ3............ 39 .09 +0.420 
40 mgm. nitric nitrogen + 10 grams talc............... 39.50 +0 .193 


There is nothing in these results which could be taken to indicate that alum 
interferes in the Ulsch method any more than does the calcium carbonate and 
talc. But there is a small loss where the lime is used. The variation between 
determinations is no greater where the alum was used than in its absence, 
while where the lime has been used the variation between determinations is 
comparatively large. Hence, it would appear that potassium alum gives a 
clear solution with a minimum loss of nitric nitrogen and does not appreciably 
interfere with the accuracy of the method. 


TIME OF EXTRACTION 


The time necessary for water added to a soil to dissolve the nitric nitrogen 
within that soil may vary greatly with the condition of the soil when the water 
is added, as well as the treatment given the soil-water mixture. But if the 
water be not left in contact with the soil for a sufficient Jength of time, some 
particles may not be wet; hence, some of the nitric nitrogen will be left un- 
extracted—if left too long, dentrification may take place. Yet we find a 
large variation in the time recommended by different workers. King and 
Whitson (26) extracted the soil in a mortar with continual grinding for two 
minutes, and this is the time which has been used very extensively by us 
(46). Buhlert and Fickenday (9) agitated the soi] with water for one-fourth 
of a minute at intervals of five minutes for thirty minutes and then filtered. 
A similar procedure was used by Gutzeit (20), while others (55) extracted for 
two hours. Sazanov (40) found that longer contact of the water with the 
soils than enough to allow the soils to settle Jeads to a loss of nitrates. 

In order to obtain more exact information on this subject we have extracted 
100-gram portions of soil containing 2 grams of alum with 500 cc. of water for 
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varying lengths of time. A rich greenhouse soil was used. It was mixed with 
the water in 1000-cc. bottles and shaken in a mechanical shaker for time in- 
dicated, then allowed to stand long enough to settle—which was not over ten 
minutes—and the nitric nitrogen determined. The average results from four 
or more determinations are given in table 5. 


TABLE 5 


Nitric nitrogen extracted from soil in given time 


TIME SHAKEN MILLIGRAMS OP NITRC NITROGEN | sea npanp DEVIATION 
minutes 

5 21.70 +0 .02 
10 21.70 +0 .06 
15 21.30 +0.03 
30 21.90 +0 .03 
35 21.90 +0.03 
4 21.20 +0 .04 


These results indicate that nothing is to be gained by shaking the soil 
with the water longer than five minutes. But it must be borne in mind that 
these tests were carried out on finely powdered soil and not upon lumps, and, 
furthermore, it was thoroughly agitated during the time it was in the shaker. 


RATIO OF SOIL TO WATER 


We find different workers vary the ratio of water to soil. Fricke (17) and 
Schmidt (42) with fertilizers used one part of sample to fifty parts of water. 
Litzendorff (31) used one part of soil to two parts of water. Buhlert (9) and 
Gutzeit (20) used one part of soil to either one or one and one-half parts of 
water. King and Whitson (26) used one part of soil to five parts of water, and 
this is the ratio which is used by many workers at the present time. We 
have made the determinations of nitric nitrogen in soil, and soil to which 
dried blood was added, using various ratios of water to soil, while all of the 
other conditions were held the same on all samples. The average results 
for four or more determinations are given in table 6. 


TABLE 6 


Nitric nitrogen extracted from soil with various quantities of water 


MILLIGRAMS OF NITRIC 
sates! = a ee NEEROGER ot 100 “ STANDARD DEVIATION paren pcg SfANDARD DEVIATION 
GRAMS SOIL TAINING 2 PER CENT 
DRIED BLOOD 
1- § 8.93 +0.034 9.80 +0).056 
1-10 8.82 +0.034 9.10 +().052 
1-15 8.70 +0 .033 9.80 +0.008 
1-20 8.75 +0.028 9.45 +0 .028 
1-2 +0.029 9.38 +().052 
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The difference found is only what could be attributed to experimental] 
error. Hence, we may conclude that the ratio of soil to water is imma- 
terial, provided we do not add sufficient nitric nitrogen to give a saturated 
solution. But it is important that the water in the sample be taken into con- 
sideration. The facts that the same quantity of nitric nitrogen is extracted 
with the varying quantities of water and that practically 100 per cent of the 
nitric nitrogen added to the soil is recovered in the various experiments re- 
ported in this work, make it very doubtful if Allen and Bonazzi’s (2) contentions 
are justified, that the determination of the nitric nitrogen in the water extract 
does not give a determination of the nitric nitrogen in the soil. 


USE OF AN ANTISEPTIC 


The majority of workers assume that if the soil is to stand in contact 
with the water any length of time, an antiseptic should be added. Yet, we 
have no definite information on the quantity which should be added in order 

TABLE 7 


Nitric nitrogen recovered from soil after varying lengths of time 


MILLIGRAMS OF NITROGEN RECOVERED IN 
TIME & ig . BE 7 abe x 
F 5 eS R.2 E Ss ESe 5 I 
to 72.2 we $ea/ 9.9 we fel wes 
2 82 |otae| 82 |ote&| 8% 
—] wn -_ n “ n 
Nitric nitrogen at first.................] 36.85 | +0.03) 53.35 | +0.35] 72.85 | +0.16 
Nitric nitrogen after 24 hours.......... 38.53 | +0.03} 57.44 | +0.28} 74.23 | +0.07 
Nitric nitrogen after 48 hours......... 34.00 | +0.02) 55.28 | +0.30] 70.00 | +0.04 
Nitric nitrogen after 120 hours......... 26.00 | +0.10} 50.40 | +0.06) 67.20 | +0.13 
Nitric nitrogen after 144 hours......... 19.90 | +0.02| 46.24 | +0.60} 53.95 | +0.22 


to be effective, and, in many cases, the quantity added may actually acceler- 
ate instead of retard or stop the biological transformations going on in the 
soil. Moreover, it is not immaterial as to what antiseptic be used, for chloro- 
form (47) used in the presence of lime with the phenoldisulphonic acid method 
gives inconsistent results. 

In order to determine the error which may enter, due to the standing of the 
soil solution, we treated 100-gram portions of a rich garden soil with water 
and varying quantities of nitric nitrogen and determined the quantity of 
n‘tric nitrogen present after varying lengths of time. The average results 
for a number of determinations are given in table 7. 

It is interesting to note that no nitrogen is lost from the solution con- 
taining only alum during the first twenty-four hours, and the amount lost 
during the first forty-eight hours where thymol was used amounts to less than 
3 mgm. It must be remembered that this is a soil heavily laden with horse 
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manure. The solutions to which thymol had been added lost no nitrogen 
during the first forty-eight hours, but by the end of one hundred and forty- 
four hours practically all of the nitric nitrogen had disappeared. This may 
have been due to dentrification, or to the rapid multiplication of other micro- 
organisms within the solutions which were favored by the thymol and had 
transformed the nitric nitrogen into protein within their bodies. 

Where chloroform was used the loss was very slight, even after one hun- 
dred and forty-four hours, but it is interesting to note that where the thymol 
or chloroform was used the results are higher than in their absence. This is 
not due to the prevention of bacterial growth, for the results are higher at 
first in the presence of the antiseptic than in its absence. And we have found 
this to be the case in many other tests which are not reported here. Further- 
more, in the absence of thymol and chloroform where the 20 or 40 mgm. of 
nitric nitrogen were added, practically 100 per cent was recovered in the three 
determinations made during the first forty-eight hours, but where the antiseptic 
was added, especially the chloroform, the quant ty recovered is often consid- 
erably greater or less than that added. 

However, the quantity of nitric nitrogen lost from a mixture of soil and 
fresh horse manure may be considerable, even where the 2 grams of alum 
have been used as a flocculant, as is seen by the following results. 


| LIME | ALUM 

= = 
Milligrams of nitric nitrogen found at first............. | 48.34 | 48.94 
Milligrams of nitric nitrogen found after 24 hours...... | 45.53 | 41.58 
Milligrams of nitric nitrogen found after 72 hours...... . 44.50 | 22.42 
Milligrams of nitric nitrogen found after 96 hours...... 45.80 | 20.30 


Here we find no loss of nitric nitrogen during the first twenty-four hours 
either in the soil solution or in that to which sodium nitrate had been added, 
and even after forty-eight hours the loss was extremely small. Repeated 
tests on ordinary fertile soil kept at 24°C. in solutions showed no loss after 
twenty-four hours and the loss was always very small after forty-eight hours. 

That the added antiseptic, if used in too small a quantity, may actually 
increase bacterial activity and thus increase the loss of nitric nitrogen, may be 
seen from the results reported in table 8. In this series a soil rich in manure 
was used; to one set was added only the flocculant—2 grams of alum—to 
the second 2 grams of alum plus 2 cc. of a saturated solution of thymol, and 
to the third 2 grams of alum plus 0.5 cc. of chloroform. All were kept at a 
temperature of 24°C. The results as reported are the average of a number 
of determinations. 

While in this case we are dealing with solutions with optimum conditions 
for dentrification, the loss in the presence of lime is small, but in the case of 
the alum it is appreciable. This, however, is a soil extremely rich in nitric 
nitrogen and the results probably represent a maximum dentrification, and 
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TABLE 8 


Nitric nitrogen in soil after varying lengths of time 


Soil + chloroform + 40 


g ‘g é g 
ce) e) ~~ oo © 
4 = g a 

e | 82 [Se] 82 |) ee) #2 |g] 82 | Sy] 88 

TREATMENT rd aS ap as % D as 4D ad Ee) aS 

* | se i[ee| 28 [ee | 28 | es | 28 | be | 28 

HH : | 

2] & 2 & 2 > b: & 2 & 

Soil + 2 grams alum....... 48 .00) =0.03/47 .63) +0 .025/45 . 20) +0 .04/35 .00|) +0 .09)/33 .60)+0.00 


Soil + 2 grams alum + 20 
mgm. nitric nitrogen... .. 67 .96| +0 .05/67 . 26) =0.025|65 .44/ +0 .03)58 . 14; +0.09|55 .34/+0 
Soil + 2 grams alum + 40 


mgm. nitric nitrogen. .... 89.68) +0 .06/87 . 28] +0 .033|/84.34!+=0.06/77 .01)+0.05/72 .85|}+0. 


Soil+ 2 grams alum + 


LS Ele eee 2 49 .04| +0.05/49 .00}+0.07 |48.30}+0.10} 4.00)+0.22) 5.00}/+0.57 
Soil+ 2 grams alum + 

thymol + 20 mgm. ni- 

SiC MNOEN: 5 oso 2 69 . 36] +0.05/67 .68}+0.03 |67.96]+0.10} 4.40)+0.19) 4.00)+0.05 
Soil+2 grams alum+ 

thymol + 40 mgm. ni- 

tric milvopen. ...........2 89 .26|+0.05|88.26)+0.068) 8.26}+0.04) 1.40)+0.35) 4.00}+0.00 
Soil + chloroform..........]51.80}+0.10]51.80}+0.03 |51.30|]+0.04/43 .40]+0.04/37.80}+0.00 
Soil + chloroform + 20 

mgm. nitric nitrogen..... 71.94) +0.08/71.87|+0.09 |71.46|}+0.05|60. 66] +0. 11/57 .55|+0.07 


mgm. nitric nitrogen. .... 188.46] +0.11/91.06/+0.04 |88.26) +0. 14/80.84|+0.30}72.86)+0.17 


such activity would never be reached with average soil. But even this loss 
can be prevented by the use of chloroform, as may be seen from table 9 which 
shows the quantities of nitric nitrogen recovered from a soil manure mixture 
in water at 24°C. after varying lengths of time. 

By the end of three hours the soil to which no antiseptic had been added 
had lost one-half of its nitric nitrogen, while during twenty-four hours it 
had been reduced to 0.83 mgm. The soil to which the 2 grams of alum only 
had been added slowly lost its nitric nitrogen so that after seventy-two hours 
its amount had been reduced to one-half that present at the beginning. 
Where the chloroform was added the quantity remains fairly uniform through- 


TABLE 9 


Nitric nitrogen from soil and manure after varying lengths of time 


MILLIGRAMS OF NITRIC NITROGEN FOUND 
TREATMENT 

tmbesioning] Autr2¢ | Afar ae Ate 7 
SAME RUNGENIIRD 6 oiSaisis cela nh oeawicadn ass nas 3.064 0.826 0.49 0.56 
OO ee say 2ase 2.59 1.96 
Soil + 2 grams alum + 0.5 cc. CHC].......... 3.067 2.980 3.06 3.22 
Soil + 2 grams alum + 1.0 cc. CHCls..........| 2.956 2.840 2.90 2.91 
Soil + 2 grams alum + 2.0 cc. CHCls..........] 2.800 3.010 2.90 2.89 
Soil + 2 grams alum + 3.0 cc. CHCl..........} 2.790 2.910 2.93 3.16 


Per cent of nitric nitrogen recovered 
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out the seventy-two hours and it would appear that 0.5 cc. of chloroform is 
ample to prevent loss of nitric nitrogen. But it has been our experience that 
where the analyses are completed immediately, more concordant results are 
obtained without than with chloroform. The average results on both, rich 
soil and a soil manure mixture, are shown graphically in figure 1. In this the 
quantity of nitric nitrogen in the soil at the beginning of the experiment has 
been considered as 100 per cent. 


TT) —— = PO) 
80 | ssincninnaiatiaaacoaai te —— ee — —<— = 
70| N, a 
60, —— i: a on 
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Fig. 1 Curves showing per cent of nitric nitrogen recovered in sample of soil treated 
by different antiseptics after varying lengths of time. 


The soil with 2 grams of alum during the first twenty-four hours lost 0.8 
per cent of its nitric nitrogen, while those to which chloroform or thymol 
had been added lost none. By the end of one hundred and sixty-eight hours 
the soil plus 2 grams of alum had lost 30 per cent, the soil with the chloroform 
had lost 27 per cent, while that to which the thymol had been added had 
lost 89.8 per cent of its nitric nitrogen. The loss from the horse manure soil 
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mixture—with no antiseptic—during the first twenty-four hours was 73 per 
cent, but it was very low in the presence of the antiseptics. 

From all the results reported it would appear that where the alum is used 
as a flocculant no other antiseptic is necessary unless the solutions are to 
remain several hours. The losses of nitrogen reported in most of this work 
are maxima and probably would never be duplicated in regular work, as the 
soil contained such large quantities of nitrates and organic matter of fresh 
horse manure. Moreover, the solutions were kept in an incubator at 24°C. 
during various intervals. Hence, it would appear that, under ordinary con- 
ditions, where the time in which the soil is in the water is short, and the 
temperature comparatively low, no loss would result with ordinary soil where 

‘the 2 grams of alum had been added. 


QUANTITY OF ACID AND IRON 
Ulsch (50) in his original method recommends that the nitrate-carrying 
substance be dissolved in 25 cc. of water, and this reduced with 5 grams of 


TABLE 10 


Nitric nitrogen from 20 grams of soil plus 40 mgm. of nitric nitrogen with different quantities 
of sulfuric acid and iron 


IRON USED H2SO. vsep aaa STANDARD DEVIATION re scuerai tea 
grams ce. mgm. 
5 10 35.76 +0. 51 82.62 
S 20 £0.21 +0.30 92.90 
5 25 42.45 +0.58 98.08 
5 30 42.90 +(0.10 99.10 
6 20 42.73 +0.31 98.72 
6 25 42.24 +0.50 97.60 
6 30 42.59 +0.06 98 .40 


iron and 10 cc. of dilute sulfuric acid (1 to 2). Later (51) he found 10 grams 
of iron and 10 cc. of dilute sulfuric acid (sp. gr. 1.35), sufficient to reduce 0.5 
gram of potassium nitrate. Schenke (41) recommends 4 grams of iron and 
12 cc. of sulfuric acid (sp. gr. 1.35). Work at the New Jersey Station (3) 
indicates that 2 grams of iron and 5 cc. of sulfuric acid was sufficient for 1-gram 
samples of any fertilizer, while the Street (48) modification requires 2 or 3 
grams of reduced iron and 10 cc. of sulfuric acid (one part of acid to one of 
water). Our experience has been that the best results are obtained when the 
ratio between the iron and acid is large, as is brought out by the results in 
table 10. In this work the quantity of nitric nitrogen determined was that 
extracted from 20 grams of a rich soil to which had been added 40 mgm. of 
nitric nitrogen. The results are the average of four or more determinations. 
Repeated determinations had yielded from 20 grams of the soil 3.28 mgm. of 
nitric nitrogen; hence, the quantity of nitric nitrogen actually placed in the 
reduction flask was 43.28 mgm. 
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Here we find the greatest quantity of the nitric nitrogen was recovered 
where 5 grams of iron were used with 30 cc. of sulfuric acid (sp. gr. 1.35). 
The results vary with the method of adding the acid, the reduction being, 
more complete when the acid is slowly added by means of a dropping funnel 
as previously outlined. But in no case were we able to obtain concordant 
results when the quantity of acid used was such as to leave considerable 
undecomposed iron in the reduction flask. 

The quantity of iron necessary will vary with the quantity of nitric nitrogen 
to be reduced and also with the grade of iron used, as may be seen from the 
results reported in table 11. Here we have used three different grades of 
iron and 25 cc. of sulfuric acid with the soil and nitrates as in previous 
experiments. 

The “iron-by-hydrogen 90 per cent” yielded the same quantity of nitric 
nitrogen when 7 grams were used as when 5 grams were used. But the 80 
per cent and the alcoholized iron both yielded more nitric nitrogen with the 


TABLE 11 


Nitric nitrogen recovered with various grades and quantities of iron 


PERCENTAGE 


kIND oF tos mom onan |,xmsczmme- | sannano | OF Irn | 
COVERED 
grams mgm. mgm. 

Iron by hydrogen, 90 per cent..... 5 42.80 +0.11 98 .90 
Iron by hydrogen, 90 per cent.... . 7 42.69 +0 .07 98.52 
Iron by hydrogen, 80 per cent..... 5 41.92 +(Q).22 96.61 
Iron by hydrogen, 80 per cent..... 7 42.95 +0.14 99 .00 
Alcoholizediiron, «.......6. 65 ...4%4 5 40.03 +0.17 90.20 
PUCOHONZEG BON... 62655 oe eee es 10 42.27 +0.25 97.05 


larger quantities of iron. This is probably due to 5 grams of either 80 per 
cent or alcoholized reagent not containing enough elementary iron for the 
complete reduction of 40 mgm. of nitric nitrogen. None of the samples of 
iron tested contained impurities which would yield ammonia, for repeated tests 
failed to reveal the presence of ammonia, ammonium compounds, or nitric 
nitrogen; nor did these samples of iron contain a reducible organic compound 
as reported by Brandt (6) and later by Hartwell and Wheeler (21). 

Moreover, it is certain that 5 grams of 90 per cent ‘“‘iron-by-hydrogen”’ is 
ample for the reduction of 40 mgm. of nitric nitrogen, but where lower grades 
are used more will be necessary. Even when 10 grams of the alcoholized iron 
were used we failed to recover all of the nitric nitrogen, and it would not be 
practicable to use larger quantities, as it introduces many difficulties in 
technique. 


TIME NECESSARY FOR REDUCTION 


The time required for complete reduction varies with the temperature. 
Ulsch (50) found that the percentages of nitric nitrogen recovered when 
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0.5-gram portions of potassium nitrate were reduced at varying temperatures 
with appropriate quantities of iron and sulfuric acid were as follows: 


Per cent 

reduced 
LER OPES SSS ae eee ge ely a Oe ee 95 
ee OPN AMNED ERIN 5 Sy oc ous A hind imi Se eqs Le ea Rw wea Oke 97 
OL GO ES Sa a prem ROC gr ae rod ON RR SRC nn er 100 
SN PRT MBO one oss 2 sie hee Sewn sos DR wee Seas eae wadwree 99.5 
cee RED TES SCT 3 V7) Ca nnn ie ge er 98.9 


This is in keeping with the results obtained by us where 20 mgm. of nitric 
nitrogen were reduced at varying temperatures. 

The results shown in table 12 would indicate that the reduction is not 
complete even after four hours at the lower temperature, but that when the 
solution is boiled all of the nitric nitrogen is recovered. It is important to 


TABLE 12 


| pinnate | 
resnearone | sam | oF sie, | stannan 

| COVERED 

hours | 
Ot (ee Be Pe eee ee Re me 2 93.00 +0.58 
REPENS nee eG wine Mla ee ee 2 94.50 +0.15 
ly Gs ES eye Se AO a a ce OE 3 91.40 +().62 
UR rere ra Rey a vane rhe 3 96.65 +1.00 
2 LORS 5S ae enone CRP a sn 4 97.70 +0.12 
OE e Le eee ee a eink wanes 4 98.75 +0.03 
Cold } hour. Boiled until hydrogen ceased. . 99.75 +0 .04 
Cold, then boiled ten minutes............... 99.75 +0) .04 


note that the variation between the determinations is very great when the 
temperature is low and the time given for reduction short, but where the re- 
duction was conducted at 50°C. for four hours, or by boiling the solution, the 
agreement was very good. Therefore, it would seem to be advisable to finish 
the reduction at boiling temperatures and to return the liquid carried over 
mechanically to the reduction flask before the evolution of hydrogen has 
ceased, so as to insure reduction of any nitric nitrogen which may have been 
carried over by the first rapid evolution of hydrogen. 


INFLUENCE OF VARIOUS SALTS 


Many of the solutions obtained from the arid and semi-arid soils are very 
rich in soluble salts; hence, it is necessary that the method used for the de- 
termination of nitric nitrogen be reliable even when used on solutions contain- 
ing large quantities of soluble salts. Therefore, we have made determinations 
using solutions to which had been added various salts which may occur in the 
soil solutions. These naturally fall into three series treated as follows: 
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The first series contained 20 mgm. of nitric nitrogen in 500 cc. of water; 
the second, 20 mgm. of nitric nitrogen and 5 grams of one of the salts given 
in table 13 in 500 cc. of water; the third series contained 20 mgm. of nitric 
nitrogen, 5 grams of one of the salts, and 100 grams of soil and the 500 cc. of 
water. The soil used in this last series, as an average of ten determinations, 
had yielded 0.728 mgm. of nitric nitrogen from 100 grams of soil. 

The average quantity of nitric nitrogen recovered from the nitric nitrogen 
solution was 98.5 per cent, exactly the average quantity recovered where the 


TABLE 13 


Milligrams of nitric nitrogen recovered from various solutions 


ae oO ae). 

iomemcce | Szpene | su soem |"oencim | Sommaes | Seuss] Surman 

NITROGEN | SALT | mane 
20.16 +0.00 NaCl 19.80 | +().03 20.36 +().10 
19.62 +0 .00 NaeSO,4 19.60 +0.00 20.46 +0 .17 
19.82 +0 .03 NaeCOs; 20.10 +0.14 19.98 +0.12 
19.47 +0 .04 KCl 19.47 +0.03 19.75 +0.00 
19.79 +().03 K.SO, 19.58 +0.09 20.07 +().03 
19.61 +0.13 K.COs 19.79 +0) .03 20.50 +(0).09 
19.71 +().01 Ca Cle 19.93 +0.07 20.07 +0) .03 
19.71 +0 .05 CaSO, 19.79 +(0).07 20:27 +0.17 
19.61 +0.14 CaCO; 19.47 +0.08 20.18 +0 .08 
19.79 +0 .09 MgCl. 19.61 +0 .06 20.18 +0 .06 
19.65 +0.07 MgSO, 19.79 +().09 20.03 +0 .09 
19.71 +0.05 MgCoO; 19.82 +0 .09 20.13 +005 
19.55 +0).04 MnCl, 19.57 +().05 20.13 +0.00 
19.68 +0 .04 MnSO, 19.75 +0 .00 20.25 +0.03 
19.60 +0 .06 MnCO; 19.63 +0.03 20.09 +0 .03 
20.13 +0) .04 FeCls 20.12 +0 .05 20.02 +0.05 
19.88 (0) .12 Fe(SOx)3 19.78 0.17 19.22 | +0.17 
20.10 +0.09 NazCOs 19.99 +0.05 20:47 +0.05 

ate 
Nae Os 


salt had been added to the solution. Where the soil, nitric nitrogen and salt 
were added, 98.8 per cent of the nitric nitrogen was recovered. Therefore, 
not one of the seventeen salts added has interfered in this method, for we 
find the quantity of nitric nitrogen recovered in presence of the salts, both in 
the pure solutions and with the soil, to be within experimental error the same 
as that obtained from sodium nitrate solution. 

Further, the agreement among determinations is just as good as in the 
absence of the salt. Moreover, these results give a fair idea of the accuracy 
of the method. 


‘ 
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INFLUENCE OF OTHER SUBSTANCES 


Other substances which occur in soil and which may interfere are the 
soluble organic nitrogenous and non-nitrogenous: constituents of soils and 
manure. The results obtained in the presence of a number of organic con- 
stituents are given in table 14. 

Both urea and glycocoll yield their nitrogen as ammonia in the Ulsch 
method, but, as may be seen from the above results, this error may be obvi- 
ated without a loss of nitric nitrogen by evaporating the alkaline solution to 
dryness before reduction. In many tests it has been our experience that when 
dried blood was added to the soil with a definite quantity of nitric nitrogen, 
slightly less than 100 per cent of the added nitric nitrogen was recovered. 
There can be but little doubt that this is due to the reacting of the sodium or 


TABLE 14 


Nitric nitrogen obtained from various organic substances 


TREATMENT NITRIC NITROGEN a DEVIATION 
mgm. 

Rae EASE Becca hoe on avis ie Rwinceln es os 0.04 +0.17 
0:5 grams asparagin (Merks). ............5.05...566- 0.09 +0 .05 
0.5 grams asparagin (Merks) + 10 mgm. nitric nitrogen 10.02 +0.00 
0.5 grams hippuric acid (Merks)..................... 0.07 +0.07 
0.5 grams hippuric acid (Merks) + 10 mgm. nitric 

ENERO Gon ih ona cick cid ane i et 9.96 +0.17 
ep IE ENE ot tree ORs Seas nid Sie Gy as eleaiere 55.65 +10.30 
0.5 grams urea + 10 mgm. nitric nitrogen............ 90.86 + 3.43 
0.5 grams urea + 10 mgm. nitric nitrogen boiled to 

EA ee 1 Ct Se 10.00 +0.73 
10 grams dried blood + 10 mgm. nitric nitrogen ..... 8.89 +0.14 
0.5 grams glycocoll + 10 mgm. nitric nitrogen boiled to 

eA eC, 9.93 +(0).00 


potassium nitrate with the proteins of the added blood. If the resulting 
compound is insoluble, it will settle from the supernatant liquid and thus be 
lost; while if a soluble compound is formed, subsequent reduction will fail to 
liberate the nitric nitrogen. If this is the true explanation of the loss noted 
we can expect no better results with any of the other methods yet in use. 

It is important to note in this connection that the disparate results, re- 
ported by some in nitrification experiments where large quantities of dried 
blood have been used, may, in a measure, be due to this loss of nitric nitrogen 
noted. However, it is likely that in the regular nitrification experiments, 
where only 1 or 2 per cent of dried blood has been added to the soil and this 
incubated for twenty-one days, the error would be very small. 

Experiments in which various quantities of artificial humus were mixed 
with varying quantities of nitric nitrogen showed that this addition did not 
interfere with the accuracy of the test. Ulsch (52) modified his original method 
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by using just a little less than enough acid in the receiver to neutralize the 
ammonia distilled over and then titrating back the excess of ammonia with a 
standard acid, but we have always used an excess of acid, for Hopkins (24) 
has pointed out that otherwise there may be a loss of ammonia. 


SUMMARY 


Clear soil extracts may be obtained by adding 2 grams of lime, ferric sul- 
fate, ferric alum, sodium alum, or potassium alum to the soil-water mixture, 
by filtering through the Chamberland-Pasteur filter, or centrifuging. The 
last three procedures give a clear solution with a minimum loss of nitric 
nitrogen. 

Calcium oxide added to a soil-water mixture gives a clear supernatant 
solution, but the quantity of nitric nitrogen obtained from such a solution is 
low. ‘This is not entirely due to the mechanical removal of the nitric nitro- 
gen with the precipitated colloid, for when calcium oxide is added to a clear 
sodium nitrate solution similar results are obtained. 

The same quantity of nitric nitrogen was obtained trom soil when the 
ratio of soil to water varied from as low as 1 to 5 to as high as 1 to 25. 

No increase in nitric nitrogen is obtained by shaking a soil with water 
more than five minutes, provided the soil is well pulverized and thoroughly 
agitated during this time. 

Very little nitric nitrogen is lost during twenty-four hours from soil-water 
mixtures to which 2 grams of alum or 5 grams of lime have been added, and 
no loss was noted from such solutions even after one hundred and sixty-eight 
hours when one part per thousand of chloroform had been added to the mix- 
ture. But when thymol had been added to such a solution, it accelerated 
the loss of nitric nitrogen. 

None of the following salts interfere in the Ulsch reduction method: chlo- 
rides, sulfates, or carbonates of sodium, potassium, calcium, magnesium, man- 
ganese and iron. Hence, none of the inorganic salts which may occur in the 
soil interfere. 

When urea or glycocoll are present, high results are obta ned unless the 
alkaline solution is evaporated to dryness before reduction. This may be 
done without a loss of nitric nitrogen. 

When dried blood is mixed with a nitrate less than 100 per cent of the 
nitric nitrogen is recovered by this method. There can be but little doubt 
that this is due to the reacting of nitrate with the proteins of the blood. If 
the resulting compound is insolub’e it will settle from the supernatant liquid 
and thus be lost, while if soluble subsequent reduction will fail to liberate the 
nitric nitrogen; hence, we would find the same error entering with any of the 
other methods. 

The aluminum reduction method, as modified by Burgess for the determi- 
nation of nitric nitrogen in alkali soil, permits of an appreciable loss of nitric 
nitrogen. This is obviated by the use of the iron reduction method which 
may be outlined as follows. 
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One hundred grams of the finely ground soil, together with 500 cc. of dis- 
tilled water, are placed in quart Mason jars and agitated for five minutes— 
preferably in a shaker. The solution is clarified by one of the following 
methods: 

1. The addit’on of 2 grams of alum with the soil. 

2. Filtering through the Chamberland-Pasteur filter. 

3. Centrifugation. 

If the alum is used, no other antiseptic is necessary, but unless the analysis 
is to be completed at once in either of the other cases it is well to add 0.5 cc. 
of chloroform to each sample. An aliquot part (100 cc.) of the supernatant 
liquid is pipetted off, and, together with 2 cc. of a saturated solution of sodium 
hydroxide, evaporated to about one-fourth of its original volume to free from 
ammonia. If urea is present, it is necessary to evaporate to dryness. ‘To this 
is added 50 cc. of ammonia-free water, 5 grams of “iron-by-hydrogen”’ and 
30 cc. of sulfuric acid (sp. gr. 1.35). If less than 40 mgm. of nitric nitrogen 
is to be determined, it is well to take a correspondingly smaller quantity of 
iron and sulfuric acid. The neck of the reduction flask is fitted with a 2-hole 
stopper through which passes a 50-cc. separatory funnel and a bent tube which 
dips into a vessel containing water to prevent mechanical loss. The acid is 
slowly added and allowed to stand until the rapid evolution of hydrogen is 
over and then heated to boiling for ten minutes. The contents of the side 
vessel should be returned to the reduction flask before the reaction is complete, 
thus insuring the complete reduction of any nitrates which may have been 
carried over with the first violent evolution of the hydrogen. The contents 
of the reduction flask are transferred to a Kjeldahl flask, neutralized with 
sodium hydroxide, and distilled into standard acid. The excess of acid is 
titrated back with standard alkali, lacmoid being used as an indicator; checks 
should be made on all the reagents, including the alum used as a flocculant. 


REFERENCES 


(1) ALBERTI, R., AND HeMPEL, C. 1891 Quantitative Bestimmung des Saltpeterstick- 
stoffer. In Ztschr. Angew. Chem., Jahrg. 1891, p. 398-400. 

(2) AtLen, E. R., AND Bonazzi, A. 1915 On nitrification. Ohio Agr. Exp. Sta. Tech. 
Bul. 7. 

(3) AvusTEN, P. T., AnD Catucart, C.S. 1892 Report of the Chemists. Jn N. J. Agr. 
Exp. Sta. 13th Ann. Rpt., p. 188. 

(4) Bartow, E., AND Rocers, J. S. 1910 Determination of nitrates by reduction with 
aluminum. Univ. Ill. Bul., Water Surv. Ser. 7, p. 14-27. 

(5) BowMAN, Frep C., anp Scott, W. W. 1915 Titration of nitrates with ferrous sul- 
fate. Jn Jour. Indus. Engin. Chem., v. 7, p. 766-769. 

(6) Branpt, L. 1899 Uber eine Fahlerquelle bei der Stickstoffbestimmung im Chile- 
saltpeter nach Ulsch. In Chem. Ztg., Jahrg. 23, p. 22. 

(7) BrEweR, W. H. 1885 On the suspension and sedimentation of clays. Jn Amer. 
Jour. Sci., v. 29, s. 3, p. 1. 

(8) Briccs, Lyman, J., AND LapHaM, Macy H. 1902 Capillary studies and filtration of 
clay from soil solutions. U.S. Dept. Agr. Bur. Soils Bul. 19, p. 31. 


Sr at prema 


TEST vedas 


satoitibknge Ls. 
isis aiehetied b tesiiko 


(9) 
(10) 
(11) 


(12) 


(13) 


(14) 
(15) 
(16) 
(17) 
(18) 
(19) 


(20) 


(21) 


DETERMINATION OF NITRIC NITROGEN IN THE SOIL 201 


BUHLERT AND FickenpAy. 1906 Zur Bestimmung der Saltpetersiiure im Boden. 
In Landw. Vers. Stat., Bd. 63, p. 239-246. 

Burcess, P. S. 1913 The aluminum reduction method as applied to the determina- 
tion of nitrates in alkali soils. Jn Univ. Cal. Pub. Agr. Sci., v. 1, p. 51-62. 

Buscu, M. 1905 Gravimetrische Bestimmung der Saltpetersiure. Jn Ber. Deut. 
Chem. Gesell., Bd. 38, p. 861-866. 

Cuamot, E. M., Pratt, D. S., AND Reprrecp, H. W. 1911 A study of the phenol- 
sulphonic acid method for the determination of nitrates in water. Im Jour. 
Amer. Chem. Soc., v. 33, p. 366-381. 

Cuamot, E. M., Pratt, D. S., AND RepFIELD, H. W. 1911 A study of the phensul- 
phonic acid method for the determination of nitrates in water. Jn Jour. Amer. 
Chem. Soc., v. 33, p. 381-384. 

Devarpa, A. 1892 Uber die direkte Bestimmung des Stickstoffer im Salpeter. Jn 
Chem. Ztg., Jahrg. 16, p. 1952. 

Divers, Ep. 1899 Reduction of an alkali nitrite by an alkali metal. Zn Jour. 
Chem. Soc. [London], v. 75, p. 87. 

Frericks, G. 1905 Detection of nitric acid by the diphenylamine reaction. In 
Arch. Pharm., Bd. 243, p. 80. 

Fricke, E. 1891 Quantitative Bestimmung des Salpeterstickstofis. Jn Ztschr. 
Angew. Chem., Jahrg. 1891, p. 239-241. 

Fresenius, C. R. 1906 Quantitative Chemical Analysis. (Translated by A. I. 
Cohn.) v. 1, p. 571-592. New York. 

Goocu, F. A., AND GRUENER, H. W. 1892 A method for the idometric determina- 
tion of nitrates. Jn Amer. Jour. Sci., v. 144, p. 117-123. 

Gutzeit, E. 1906 Zur Bestimmung der Salpetersiiure im Boden. In Landw. Vers. 
Stat., Bd. 65, no. 3, 4, p. 217-219. 

HartweE lt, B. L., WHEELER, H. J. 1899 Ona possible error in the determination of 
nitrogen in nitrates due to impurities in reduced iron. J Jour. Amer. Chem. 
Soc., v. 21, p. 468. 

Hitt, H. H. 1912 The determination of nitrates in soils and soil extracts. Va. Agr. 
Exp. Sta. Rpt. 1911-12, p. 133-144. 

HorrMan, Ep. 1876 The determination of nitric acid in waters. Jn Arch. Pharm., 
(3), Bd. 6, p. 513-532. , 

Hopkins, C.G. 1894 Some errors in the determination of nitrogen. Jn Jour. Amer. 
Chem. Soc., v. 20, p. 961-965. 

THLE, R. 1896 Formation of ammonia by the electrolysis of nitric acid. Jn Ztschr. 
Phys. Chem., Jahrg. 19, p. 572-576. 

Kine, F. H., anp Wuitson, A. R. 1901 Development and distribution of nitrates 
and other soluble salts in cultivated soils. Wis. Agr. Exp. Sta. Bul. 85, p. 38. 

Kiut, H. 1907 Qualitative und Quantitative Bestimmung von Salpetersiure im 
Wasser und Abwasser. Jn Chem. Centbl., Bd. 78, Heft. 2, p, 1758. 

Krtcer, Martin 1894 Uber die Bestimmung des Stickstoffer im Nitraten, Nitru- 
und Nitroso-verbindungen auf nassen Wege. Jn Ber. Deut. Chem. Gesell., Bd. 
27, p. 1633-1635. : 

Kuntze, L. 1896 Estimation of nitrates in soil. Jn Ztschr. Ver. Riibenz. Indus., 
1896, p. 761. Abs. in Jour. Chem. Soc. [London], v. 74, 1898, pt. 2, p. 45. 
Lipman, C. B., AND SHARP, L. T. 1912 Studies on the phenoldisulphonic acid method 
for determining nitrates in soils. Jn Univ. Cal. Pub. Agr. Sci., v. 1, no. 2, p. 21- 

ots 

Litzenvortr, J. 1907 On the use of nitron for the determination of nitric acid in 

soils and plants. Jn Ztschr. Angew. Chem., Jahrg. 20, p. 2209-2213. 


J. E. GREAVES AND C. T. HIRST 


(32) Loner, A. 1885 Methode zur volumetrische Bestimmung der Salpeter siure. In 
Ztschr. Anal. Chem., Jahrg. 24, p. 23-26. 

(33) Linper, S. E., AND Picton, H. 1895 Solution and pseudo solution, pt. 2. Some 
physical properties of arsenius sulfide and other solutions. J Jour. Chem. Soc. 
[London], v. 67, p. 63. 

(34) McGeorce, W. 1915 The effect of fertilizers on the physical properties of Hawaiian 
soils. Hawaii Agr. Exp. Sta. Bul. 38. ¥ 

(35) OrMANDY, R., AND CoHEN, J. B. 1890 A new method for the estimation of nitrates 
and nitrites in water. Jn Jour. Chem. Soc. [London], v. 57, p. 811-815. 

(36) Patren, H. E. 1908 On the electrolytic reduction of nitric acid. Jn Trans. Electro- 
chem. Soc., v. 13, p. 325-398. 

(37) Potrer, R. S., AND SNYDER, R. S. 1915 The determination of nitrates in soil. In 
Jour. Indus. Engin. Chem., v. 7, p. 863-864. 

(38) PremrrerR, T. 1903 Uber die Bestimmung des Nitratstickstoffes neben organischen 
Stickstoff. Jn Ztschr. Anal. Chem., Jahrg. 42, p. 612-617. 

(39) Rosrnson, C. S., AND WinTER, O. B. 1911 The use of Busch’s “nitron” for the de- 
termination of nitrate nitrogen in soils and fertilizers. Jn Mich. Agr. Exp. Sta. 

: 24th Ann. Rpt., p. 178-181. 

(40) Sazanov, V. I. 1906 Notes on the determination of nitric acid in Chernozem soils. 
In Zhur. Opuitn. Agron. [Russ. Jour. Expt. Landw.], v. 7, no. 4, p. 381-387. 
Abs. in Exp. Sta. Rec., v. 19, p. 110. : 

(41) ScHENKE, V. 1893 Stickstoffbestimmung in Nitrates sowie eine neue einfache Modi- 
fication zur Bestimmung des Gesammstickstoffs in Gemischen von Nitrates mit 
organischen und anorganischen Stickstoffverbindungen. Jn Chem. Ztg., Jahrg. 17, 
no. 54, p. 977-979. 

(42) Scumipt, T. F. 1893 Bestimmung des Stickstoffs im Saltpeter und Saltpetergem- 
ischen durch Reduction der Saltpetersiiure. Jn Chem. Ztg., Jahrg. 17, no. 11, 
p. 173. 

(43) Scumocer, M. Uber Bestimmung des Stickstoffs im Salpeter. Jn Chem. Ztg., Jahrg. 
23, no. 79, p. 829. 

(44) Stewart, R., AND GREAVES, J. E. 1909 A study of the production and movement of 
nitric nitrogen in an irrigated soil. Jn Utah Ag.. Exp. Sta. Bul. 106, p. 80. 

’ (45) Stewart, R., AND GREAVES, J. E. 1910 The influence of chlorine on the determina- 
tion of nitric nitrogen. Jn Jour. Amer. Chem. Soc., v. 32, p. 756-757. 

(46) Stewart, R., AND Greaves, J. E. 1912 The production and movement of nitric 
nitrogen in soils. Jn Centbl. Bakt. [etc.], Abt. 2, Bd. 34, p. 119. 

(47) Stewart, R., AND GREAVES, J. E. 1913 The influence of chlorine on the determina- 
tion of nitrates by the phenoldisulphonic acid method. Jn Jour. Amer. Chem. 
Soc, v. 55; p. $79. 

(48) Street, J,P. 1908 Ulsch Method modified by Street. Official and provisional meth- 
ods of analysis, Association of Official Agricultural Chemists. Jn U. S. Dept. 
Agr. Bur. Chem. Bul. 107, p. 10. 

(49) Syme, W. A. 1908 The colormetric determination of nitrates in soil solutions con- 
taining organic matter. N.C. Agr. Exp. Sta. 31st Ann. Rpt., p. 64-65. 

(50) Utscu, K. 1890 Estimation of nitric acid by reduction to ammonia. Jn Chem. 
Centbl., Jahrg. 61, Bd. 2, p. 926-927. 

(51) Utscu, K. 1891 Die Ueberfuhrung der freien Salpetersiiure im Ammoniak durch 
Wasserstoff im Statu nascendi und die gasvolumetrische Bestimmung dieser 
Saure durch Wasserstofideficit. Jn Ztschr. Anal. Chem., Jahrg. 30, p. 175-195. 

(52) Utscu, K. 1891 Zur Bestimmung der Nitratstickstofis. Jn Ztzchr. Angew. Chem., 

Jahrg. 1891, p. 718. 


DETERMINATION OF NITRIC NITROGEN IN THE SOIL 203 


(53) Utscu, K. 1897 Die Quantitative Bestimmung der Salpetersiiure durch Elektrolyse. 
In Ztschr. Elektrochem., Bd. 3, p. 546-547. 

(54) Wacner, A. 1881 Erkennung und Bestimmung der Nitrate im Brunnenwasser. 
In Ztschr. Anal. Chem., Jahrg. 20, p. 329-349. 

(55) WEBEL, FRANKFURT AND DUSCHETSCHKIN 1906 On the question of the method of 
determining nitric acid in soils. Jn Vyestnik Sakh. Prom., no. 44, p. 652. Abs. 
in Exp. Sta. Rec., v. 19, p. 110. 

(56) Witey, H. W. 1908 Principles and Practice of Agricultural Analysis. v. 2, p. 391. 
Easton, Pa. : 

(57) WissEL, L. von 1900 Verglichende Stickstoffbestimmung im Salpeter. Jn Chem. 
Centbl., Jahrg. 71, Bd. 2, p. 212. 

(58) Workorr, M. I. 1916 Studies on soil colloids. Jm Soil. Sci., v. 1, p. 585-601. 


PLATE 1 


ARATUS USED IN EXPERIMENT SHOWN IN OPERATION 


APP 


DETERMINATION OF NITRIC NITROGEN IN THE SOIL PLATE 1 
J. E. GREAVES AND C. T. HIRST 


THE EFFECTS OF ALKALI SALTS ON NITRIFICATION 


P. E. BROWN anp E. B. HITCHCOCK 


From the Iowa Agricultural Experiment Station 
Received for publication February 28, 1917 


During the last few years it has been recognized that the effects of certain 
so-called “alkali” salts on soil bacteria, as well as their action on higher p’ants, 
should have an important bearing on the development of methods of reclama- 
tion of the alkali soils of the arid regions. It was for the purpose of throwing 
more light on this problem that the following experiments were carried out. 

Many experiments have been conducted to determine the concentration at 
which various alkali salts become toxic to plants, but it remained for C. B. 
Lipman (8, 9, 10) to point out the importance of bacteriological studies along 
such lines. The investigations of this author have indicated that bacterial 
activities in alkali soils are very different from those in normal soils, and that 
the amount and character of the salts present determine the kind and extent 
of bacterial action occurring in such soils. 

He studied the influence of sodium chloride, sodium sulfate and sodium car- 
bonate on ammonification, nitrification and nitrogen-fixation. He found that 
all these processes are inhibited by the presence of certain amounts of these 
salts but the concentration at which each became toxic varied among the 
different processes. Thus the ammonifying and nitrifying bacteria were 
differently affected by the salts. The nitrifying bacteria were affected in a 
manner similar to that shown with the higher plants, but such was not the 
case with the ammonifying organisms. ‘The nitrogen-fixing organisms seemed 
to be more resistant to injury from the salts than either of the other groups 
studied. The results with nitrification which are of special interest in this 
work showed that sodium carbonate became toxic at a concentration of 0.025 
per cent, sodium sulfate at a concentration of 0.35 per cent and sedium chloride 
at a concentration of 0.1 per cent. 

The toxic effects of salts on nitrification have been considered in few other 
experiments. Deherain (2, 3) noted an injurious effect of sodium chloride on 
nitrification and J. G. Lipman (11) found that sodium chloride became toxic 
at 0.1 per cent but did not entirely stop nitrification. This latter experi- 
ment was carried out by the solution method. 

Headden (5, 6) and Sackett (12) have assumed the occurrence of a very 
intense nitrification in certain areas in Colorado to account for the excessive 
accumulations of nitrates occurring there, but Stewart (13) insists that such 
accumulations are not due to rapid present bacterial action, but to a concen- 
tration of the nitrates already present in the soils, the irrigation water 
merely furnishing a medium by which they are moved from place to place. 
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Furthermore, he asserts that these accumulations of nitrates always occur 
with large amounts of other water-soluble salts. The study of the effect of 
salts on nitrification may throw some light on this controversy. 

Recent experiments by Kelley (7) on nitrification in semi-arid soils showed 
that 0.05 per cent of NazCO; was distinctly toxic to the nitrification of 1 per 
cent of dried blood, but as high a concentration as 0.4 per cent had no effect 
on the nitrification of 0.1 per cent of dried blood. When 0.15 per cent of 
ammonium sulfate was employed in the tests, 0.1 per cent of NaxCO; became 
toxic to nitrification, but the same amount was markedly stimulating when 
0.0625 per cent of ammonium sulfate was used. Similar results were secured 
with NasSQ,. 

No other investigations of a nature to be of value to the general problem 
have been carried out so far as the authors are aware. 


EXPERIMENTAL 


The purpose of the experiments reported in the following pages was to deter- 
mine the concentration at which various alkali salts become toxic to the 
nitrifying bacteria. Alkali salts, in the concentration which was found in an 
alkali soil, according to chemical analysis, were added to a similar normal soil. 
Thus artificial alkali soils containing single salts and various combinations 
of the same salts were prepared. Comparative tests were run on a typical 
alkali soil and it was desired by this plan to ascertain the relative and abso- 
lute toxicity to the nitrifying bacteria of various salts in actual concentrations 
found in the field. 

Alkali soil was then treated with sodium carbonate and sodium bicarbonate 
with and without the amount of gypsum necessary to react with the salt added 
in order to study nitrification under such conditions. 

Samples of alkali soil and of a similar normal soil were secured through the 
courtesy of the Agricultural Experiment Station of the University of Wyo- 
ming, and served asa basis for the work. The tests were therefore carried out 
with typical alkali soil and a typical normal soil from the same region. 

Chemical analyses were made of the soils and the water-soluble calcium, 
sodium, magnesium, potassium, bicarbonate, carbonate, chloride and sulfate 
determined. 

The results of the analyses were as follows: 


NORMAL SOIL ALKALI SOIL 
per cent per cent 

RE URD S07 eee eis as tb oneES 0.0220 0.0550 
DEED ROEM 52 c0G4 6 pace naam eGiSw aan aeeveenien 0.0064 0.0096 
IRMIERD See CBr ts Peeled oA Rea dsalos ae 0.0796 0.2570 
EUS Se AA Doe oy ict ea iis 0.0218 0.0470 
OS CY C0 0 a ee 0.0042 0.1190 
MRED 5g eps be bss eke benaie wens 0.0003 0.0084 
SO} Se ae En ee 0.0980 0.8330 
ee SL 0 | et 0.1170 0.0440 
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The !aboratory tests were carried out in tumblers with both the normal and 
the alkali soils according to the treatments indicated above. One-hundred- 
gram quantities of the air-dried, sieved soil were weighed out, salt additions made 
according to the various series, 100 mgm. of ammonium sulfate added, the 
moisture content of the soils adjusted to the optimum, 5 cc. of a five-minute 
infusion of a fresh soil added to each soil to introduce a vigorous nitrifying 
flora, the tumblers were then covered and incubated for four weeks at room 
temperature, the moisture content being kept up by additions of sterile water 
to weight every ten days. The nitrates present were then determined by 
the aluminum reduction method, modified somewhat from the procedure 
recommended by Burgess (1). 


Series I. The effects of NaCl on nitrification in normal soil 


The arrangement of this series and the results are shown in table 1 and figure 
1. All the treatments were in duplicate and the untreated normal soil and 


TABLE 1 
Effects of NaCl on nitrification in normal soil 
NUMBER SOIL NaCl N AVERAGE N 
grams mgm. mgm. 

1 Normal None 2.1728 
2 Normal None 2.2316 2.2022 
3 Normal 0.005 | 3.1164 
4 Normal 0.008 | 3.2460 3.1812 
5 Normal 0.010 2.2316 
6 Normal 0.010 2.5452 2.3884 
7 Normal 0.020 2.0328 
8 Normal 0.020 1.7164 1.8746 
9 Normal 0.040 0.6608 

10 Normal 0.040 0.9464 0.8536 

11 Alkali : None | 2.0888 

12 Alkali None | 1.8312 1.9600 


untreated alkali soil were used in this and all succeeding series for the sake of 
comparison. 

The addition of 0.005 per cent of NaCl gave a stimulation in nitrate pro- 
duction but the large amounts, at least beyond 0.010 per cent depressed 
nitrification. This latter amount apparently had no effect. 

The alkali soil gave a smaller nitrification than the normal soil and about 
the same as that receiving 0.020 per cent of NaCl. The toxic point for the 
NaCl in this test evidently occurred at about 0.02 per cent, which ‘s very 
much lower than the concentration at which Lipman found toxicity. Dif- 
ferences in the soils tested may account for the variation in the results. It is 
apparent, however, that small amounts of NaCl stimulate nitrification, while 
larger amounts bring about a depression. 
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Series IT. The effects of Na2SOx on nitrification in normal soil 


This series was arranged in a manner s_milar to the preceding except that 
the treatments w th Na2SO, were much larger than those with NaCl. The 
data obtained are presented in table 2 and figure 2. 

The addition of the Na2SO, up to 2.0720 per cent increased considerably 
the nitrifying power of the soil. The greatest ncrease was secured with 
0.5180 per cent of the salt, but the differences between the results with this 
application and with the larger amounts were small until 4.1440 per cent was 
added, when a distinct depression in nitrification occurred. The concentra- 
tion at which the sodium sulfate becomes toxic was therefore much higher 
in this soil than in Lipman’s experiments, where the toxic point was found to 
be 0.35 per cent. The variation in the soil used would again probably ex- 
plain the difference ‘n the results. It is evident again, however, that sodium 
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TABLE 2 


Effects of Na2SOxg on nitrification in normal soil 


| 


NUMBER | SOIL NazSOx N AVERAGE N 
| grams mgm. mgm. 
1 Normal None 3.3150 
2 Normal None 3.6960 3.5030 
3 Normal 0.5180 4.6280 | 
4 Normal 0.5180 Lost 4.6280 
5 Normal 1.0360 4.4570 
6 Normal 1.0360 4.3140 4.3850 
7 Normal 2.0720 4.1740 
8 Normal 2.0720 3.8860 4.0290 
9 Normal 4.1440 1.6010 
10 Normal 4.1440 1.7750 1.6880 
11 Alkali None 3.1720 
12 | Alkali None 2.9450 3.0580 
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sulfate st mulates nitrification when added in small amounts, but when the 
concentration is ‘ncreased beyond a certain point, which varies in different 
soils, it becomes distinctly toxic to the nitrifiers. 


Series IIT. The effects of MgSOx on nitrification in normal sot’ 


The arrangement of this series and the results secured appear in table 3 


and figure 3. 
TABLE 3 


Effects of MgSO, on nitrification in normal soil 


NUMBER SOIL MgSOs N AVERAGE N 


grams mgm. mgm. 
Normal None 2.5375 
Normal None 2.4841 2.5108 
Normal 0.0235 4.0984 
Normal 0.0235 4.2998 4.1991 
Normal 0.0570 3.4020 
Normal 0.0570 4.0292 3.7156 
Normal 0.1140 3.6008 
Normal 0.1140 3.6306 3.6162 
Normal I 0.2280 3.1724 
Normal 0.2280 3.0604 3.1164 
Alkali None 2.0964 
Alkali None 2.0952 2.0976 
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The MgSO, evidently stimulated nitrification in all the amounts used, 
that is, up to 0.2280 per cent. The greatest stimulation occurred, however, 
with the smallest appliction—0.0235 per cent, and the larger amounts brought 
about smaller effects. If the application had been ‘ncreased beyond 0.2280 
per cent it seems that a depression in nitrification would have occurred, for the 
figures gradually decreased with increasing applicaticns. Just where a toxic 
effect from the MgSO, would occur, cannot, of course, be stated from these 
results, but it is probable that about 0.3 per cent would mark the point at 
which depression would occur. 

Again it is seen that this salt, like the others tested, stimulates nitrificat’cn 
when present in small amounts, but beycnd a certain maximum concentration 
undoubtedly becomes toxic. 


Series IV. The effects of CaCO3 on nitrification in normal soi! 


The effects of calcium carbonate upon crops and soils have commonly been 
found to be beneficial, with but few exceptions. It might be expected, there- 
fore, that the nitrifying bacteria would be stimulated in action by additions 
of this salt. ; 

Examining the results of this series in table 4 and figure 4, it will be seen 
that a stimulation in nitrification occurred when calcium carbonate was ap- 


TABLE 4 


Effects of CaCO ; on nitrification in normal soil 


NUMBER SOIL CaCOs N AVERAGE N 


grams | mgm. mgm. 
5168 
5364 3.5266 
5978 
6700 3.6339 
8444 
9452 
2728 
3736 
7432 
7824 
.1340 
0612 0976 


Normal None 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 


Normal 
Normal 
Normal 
11 Normal 
12 Normal 6.048 
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plied up to a treatment of 6 per cent. Somewhere between 1.512 per cent 
and 6.048 per cent occurred the toxic point for this salt on this particular soil. 
Unfortunately, the exact point was not ascertained. It is of considerable 
interest to note, however, the undoubted toxicity to nitrification indicated 
by the application of 6.048 per cent. Evidently calcium carbonate in small 
or reasonable amounts is beneficial to nitrification, but when the addition 
beccmes excessive there is a depression in the activities of this group of or- 
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ganisms. This depression may not occur in other soils, but these results on 
one particular soil indicate that calcium carbonate may be applied to soils in 
too large amounts. 


Series V. The effects of NaHCOs on nitrification in alkali sot! 


This series deals with the effects of sodium bicarbonate on nitrification in 
an alkali soil. The treatment of the soil and the results appear in table 5 
and figure 5. Examining the table, it is seen that the NaHCO; in additions 
up to and beyond 0.10 per cent stimulated considerably the nitrification 
process in this soil. Beyond 0.30 per cent, however, a distinct depression 
occurred which increased with increasing additions. 

When calcium sulfate was added with the sodium bicarbonate, all toxic 
effects of the additions were removed, as is indicated by the results of the 
last two tests in the table. 


EFFECTS OF ALKALI SALTS ON NITRIFICATION 


TABLE 5 
Effects of NaHCO; on nitrification in alkali soil 
NUMBER SOIL NaHCOs N AVERAGE N 
grams mgm. mgm. 
1 Alkali None 4.6172 
2 Alkali None 4.5416 4.5794 
3 Alkali 0.05 4.8740 
4 Alkali 0.05 4.7650 4.8190 
5 Alkali 0.10 5.4740 
6 Alkali 0.10 5.3228 5.3984 
ff Alkali 0.30 3.8864 
8 Alkali 0.30 4.2148 4.0506 
9 Alkali 0.50 3.8360 
10 Alkali 0.50 3.9116 3.8738 
11 Alkali 1.00 3.7604 
12 Alkali 1.00 3.1808 3.4706 
13* Alkali 1.00 4.9448 
14* Alkali 1.00 4.8440 4.8944 


*Plus 1.6197 grams CaSQx. 


Sodium bicarbonate appears, from these results, to have a stimulative effect 
on nitrification. when added to soil to 0.10 to 0.30 per cent, but it becomes 
toxic to the process when applied at the rate of 0.30 per cent and beyond, the 
toxicity increasing with the addition. 
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When calcium sulfate is added with the sodium bicarbonate in the proper 
amount to react with this latter salt, all toxic effect is removed and there is 
apparently no influence from the addition, except perhaps a slight increase in 
the nitrification process. 


Series VI. The effects of NazCO3 on nitrification in alkali sot! 


The arrangement of this series was very similar to the preceding. It is 
shown in table 6 and figure 6 together with the results. 
TABLE 6 
Effects of NaxCOs on nitrification in alkali soil 


NUMBER SOIL NaeCO:; N AVERAGE N 
grams mgm. mgm. 

1 Alkali None 2.1476 
2 Alkali None 1.7948 1.9712 
3 Alkali 0.05 3.1528 
4d Alkali 0.05 1.8480 2.5004 
3 Alkali 0.10 1.6436 
6 Alkali 0.10 2.5256 2.0846 
7 Alkali 0.30 2.2484 
8 Alkali 0.30 1.6184 1.9334 
9 Alkali 0.50 1.9936 

10 Alkali 0.50 1.5176 1.7556 

11 Alkali 1.00 1.2656 

12 Alkali 1.00 1.7416 1.5036 

i3* Alkali 1.00 2.4292 

14* Alkali 1.00 1.8480 1.9866 


*Plus 1.30 grams CaSO. 
(With Co50,———) 
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The application of the sodium carbonate at the rate of 0.05 per cent gave a 
decided stimulation in nitrification. The 0.10 per cent addition, likewise, 
gave a stimulation, but it was not large. The larger additions brought about 
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depressions in the process which became greater as the size of the application 
increased. When calcium sulfate was added in the proper amount to react 
with the sodium carbonate there was no effect whatever from the addition. 
This result is in accord with that of the preceding series with the bicarbonate 
of sodium and the calcium sulfate. 

The concentration at which the sodium carbonate became toxic to the 
nitrifiers in this soil was much greater than that noted by Lipman. He 
found toxicity at 0.025 per cent, but stimulation occurred in this work up to 
0.10 per cent. His results with NazCO3, however, were not considered satis- 
factory, as there was much mold growth on the soils which may have used up 
the nitrates produced, and losses may have occurred in the several filtrations 
through bone black which were necessary to the determination. However, 
the variation from Lipman’s results may be due, as was concluded in the 
preceding series, to differences in the soil used. It is evident, however, that 
sodium carbonate, like the other salts tested, stimulated nitrification when 
used in small amounts, but depressed the process considerably when large 
applications were made. When calcium sulfate is used with the sodium car- 
bonate, there is no effect on the nitrifying bacteria. 


Series VII. The effects of CaSOx on nitrification in alkali soil 


The results in the preceding tables indicated that calcium sulfate applied 
with sodium carbonate and sodium bicarbonate neutralized the toxic effects 


TABLE 7 


Effects of CaSO, on nitrification in alkali soil 


NUMBER SOIL CaSOs N AVERAGE N 

! grams mgm. mgm. 

1 Alkali None 4.1804 

2 Alkali None 4.3120 4.2462 

3 Alkali 0.022 4.4156 

4 Alkali 0.022 4.4436 4.4208 

5 Alkali 0.033 4.4436 

6 Alkali 0.033 4.5752 4.4804 

7 Alkali 0.044 4.5472 

8 Alkali 0.044 4.6284 4.5878 

9 Alkali 0.088 4.4156 

10 Alkali 0.088 4.3120 | 4.3638 

11 Alkali 0.176 4.1664 | 

12 Alkali 0.176 4.3904 | 4.2784 


of these salts. It seemed advisable, therefore, to ascertain the influence of 
the CaSO, when applied alone to the alkali soil. The treatments used and 
the results secured appear in table 7 and figure 7. 

It is apparent upon an examination of this table that the CaSO, had little 
effect on nitrification. There seemed to be a slight stimulation with the 
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smaller additions, but the differences were not large. With the larger amounts, 
no increase was secured. The applications were not increased beyond 0.176 
per cent, so it is quite possible that further additions might have brought 
about an increase in nitrification. However, in the absence of sufficent data, 
general conclusions cannot be drawn. The differences secured seem too small 
to conclude a stimulation of the process, but the results may be considered to 
indicate the possibility of such a stimulation at least. 
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Series VIII. The effects of CaCOs on nitrification in alkali soil 


When calcium carbonate was applied to the normal soil used in this work, a 
distinct stimulation of nitrification occurred up to 6.0 per cent. At that 
point, however, the activities of the nitrifiers were quite considerably depressed. 
It seemed desirable, therefore, to test the effects of that salt on nitrification 
in the alkali soil. 

This series was arranged in a s milar manner to series IV except that the 
alkali soil was used. The arrangement of the series and the results are given 
in table 8 and figure 8. 


The small amounts of the CaCO; did not seem to influence nitrification, but 
when 0.378 per cent was used an increase in the process was noted. Further 
gains occurred with the larger applications up through 1.512 per cent. When 
6.046 per cent was added, however, a distinct depression in nitrification oc- 
curred. Evidently the maximum increase in the process through the use of 
CaCO; on this soil occurred at 1.512 per cent, or between that amount and 
6.048 per cent. 

The absence of tests using intermediate amounts prevents any definite 
point being established. It is evident, however, that just as was the case 
in the tests with the normal soil, CaCO; when applied in small amounts to this 
alkali soil increased nitrification, but when 6.048 per cent was used, a decided 
depression in the process occurred. Such an amount of CaCO; is rarely found 
in’ soil and hence, even if an injurious effect were found to be quite general 
(with many soils), which is extremely unlikely, no danger from a reasonable 
use of lime on soils need be apprehended. 
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TABLE 8 
Effects of CaCOx3 on nitrification in alkali soil 
NUMBER SOIL CaCOs N AVERAGE N 
grams mgm. mgm. 
1 Alkali None 2.1586 
2 Alkali None 1.8900 2.0243 
3 Alkali 0.189 2.0188 
4 Alkali 0.189 2.0440 2.0314 
5 Alkali 0.378 2.1700 
6 Alkali 0.378 2.2960 2.2330 
7 Alkali 0.756 ) 3960 
8 Alkali 0.756 2.4976 2.4468 
9 Alkali 1,512 2.7134 
10 Alkali 12512 2.9026 2.8080 
11 Alkali 6.048 1.0108 
12 Alkali 6.048 0.7840 0.8974 
Wg 
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Series IX. The effects of NuHCO3, NaxCO; and CaSO, on nitrification in alkali 
soil 


This series was planned to test the effect of the carbonate and bicarbonate 
of sodium on nitrification in alkali soil in the presence of calcium carbonate 
and with and without the addition of sufficient calcium sulfate to react with 
the carbonate used. The arrangement of the tests and the results secured 
are given in table 9 and figure 9. 


TABLE 9 
Effects of NaHCO;, NazCOs, and CaSO, on nitrification in the presence of CaCOs in alkali 
soil 
NUMBER ADDITION N AVERAGE N 
mgm. mgm. 
1 MRP eS S Ck oui hoon wis onl ane ors ewes 2.3296 
2 MENUS A Ee aNGCR ce Le SS ote eS srarewou aaidat eae 2.5312 | 2.4304 
3 TS COS ES gc lg a aa 2.9960 
4 CLS IS COC. CSS er ge ae ar 4.1440 | 3.5700 
5 0.536 gram CaCO; + 1.00 gram NaHCOQ;....................] 2.6852 
6 0.536 gram CaCO; + 1.00 gram NaHCO .................... 2.5760 | 2.6306 
7 0.536 gram CaCO; + 0.044 gram NaHCO; + 0.072 gram 
DR etn neh at er Se et «wee Ee SG Rek se uaS 2.4640 
8 0.536 gram CaCO; + 0.044 gram NaHCO; + 0.072 gram 
RORDMR R fcen sic Marie ore Shae Sak BAB Rawat MER OH aie 2.9688 | 2.7164 
9 0.536 gram CaCO; + 0.044 gram NaHCO ................... Lost 
10 0.536 gram CaCO; + 0.044 gram NaHCQ................-.. 3.0016 | 3.0016 
11 0.536 gram CaCO; + 0.056 gram NaeCO .................... 2.7104 
12 0.536 gram CaCO; + 0.056 gram Na2CO3................005- 2eiose | 27328 
13 0.536 gram CaCO;+ 0.056 gram Na,CO;+ 0.072 gram 
ON retest ae ceo Ana Rabe wah akwesniee sane ae 3.0912 
14 0.536 gram CaCO;+ 0.056 gram Na,CO;+ 0.072 gram 
ORD reac nk er Lsaaaian se eee ed Use nun soe nian oaaeaerows 4.2928 | 3.6920 
15 0.536 gram CaCO; + 1.00 gram NazCQ3.............0...005. 2.8224 
16 0.536 gram CaCO, + 1.00 gram NasCQj..................8.. Lost 2.8224 
17 0.536 gram CaCO;+ 0.056 gram NaeCO; + 0.044 gram 
211 ORI Reet ee a ene iene RA ne ee eee 2.5760 
18 0.536 gram CaCO;+ 0.056 gram NaeCO; + 0.044 gram 
ELC CSI eine oS ee te oe Nn rt ra cat eT: 3.4272 | 3.0016 


On examining this table it is apparent that calcium carbonate increased 
the nitrification process to a considerable extent. This is in accord with the 
tests previously discussed with calcium carbonate. The sodium carbonate and 
the bicarbonate both depressed considerably the activities of the nitrifiers 
over calcium carbonate alone, the larger application bringing about a greater 
depression in the case of the bicarbonate, but practically the same results 
being secured with both amounts in the case of the carbonate. 

Some differences are evident here from the results secured with the use of 
the two salts without calcium carbonate. In those cases the small amount 
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of the carbonates increased nitrification slightly, but n the presence of CaCO; 
in this series, a depression occurred. This is an interesting difference and 
points to the fact that amounts of these salts which alone are non-toxic may 
become toxic when present with CaCQs. 

When calcium sulfate was used with the smaller amount of the sodium 
carbonate, the injurious effect of the carbonate was neutralized and no in- 
fluence on nitrification is noted. This is in accord with the results secured 
with the two salts in the absence of CaCO;. When the bicarbonate is con- 
sidered, however, the use of the calcium sulfate with the bicarbonate depressed 
the process more than was the case with the bicarbonate alone. This is 
exactly opposite from the results secured in the previous series in the ab- 
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sence of CaCO 3. Only one determination was made with the use of the 
bicarbonate alone, and hence that result may not be absolutely accurate, 
but the differences secured are definite enough so that it must be con- 
cluded that in the presence of CaCO; calcium sulfate does not neutralize the 
toxic effect of sodium bicarbonate. 

When the bicarbonate and carbonate of sodium were applied together, the 
depression in nitrification was less than with the sodium carbonate alone 
and about the same as that from the bicarbonate alone. 

These results, as a whole, show distinctly the toxic effects of the carborate 
and bicarbonate of sodium on nitrification in this soil in the presence of 
CaCO;. Furthermore, smaller amounts became toxic than in the same soil 
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in the absence of CaCO;. CaSO, prevents the toxic action of sodium car- 
bonate, but it does not seem to be similarly efficient with the bicarbonate in 
the presence of CaCO. 


GREENHOUSE EXPERIMENTS 


Comparative experiments similar to the above were carried out in the 
greenhouse, nitrification tests being run on both the normal and alkali soils, 
after beans had been grown and harvested. In these pot experiments 10 
pounds of soil were used and the treatment of the normal soil was calculated 
to imitate alkali-soil conditions. The amounts of the various alkali salts 
added singly or in combination to the normal soil were the same as those found 


TABLE 10 
Effects of NaCl, NazSOu, MgSO, and CaSO, on nitrification in normal soil 


FIRST SAMPLING SECOND SAMPLING THIRD SAMPLING 
— TREATMENT 5 ne z ee z 
Average N g ieee Average N a Aveiage ee. 
mgm. mgm. mgm. mgm. mgm. mgm 
BP GGS os s'65 > 6:0 nes ews.» n0. 5 ODED 6.6010 6.9060 
2 | None...................] 6.2748 | 6.4659 | 6.2916 | 6.4463 | 6.7088 | 6.8074 
3 | 0.005 per cent NaCl..... 6.1562 6.5464 7.0280 
4 | 0.005 per cent NaCl..... 6.0088 | 6.0825 | 6.5874 | 6.5664 | 7.0168 | 7.0224 
5 | 0.518 per cent NapSOx....| 6.5562 6.5996 6.3168 
6 | 0.518 per cent NazSQ,....} 5.9066 | 6.2314 | 6.3476 | 6.4736 | 6.4932 | 6.4050 
7 | 0.023 per cent MgSO,....| 7.4466 5.8660 6.8368 
8 | 0.023 per cent MgSO,....| 6.5940 | 7.0203 | 6.4381 | 6.1520 | 6.9622 | 6.8995 
9 | 0.189 per cent CaCQ .....| 6.4932 6.6280 7.7420 
10 | 0.189 per cent CaCO .....| 7.3234 | 7.1583 | 6.7340 | 6.6810 | 6.6870 | 7.2145 
io 2 All four-salis.... 2 ...0505. 6.4288 6.4932 6.8152 
12 | All four salts............] 6.5940 | 6.5114 | 6.1278 | 6.3105 | 7.0158 | 6.9155 


by analysis in the alkali soil. The alkali soil received additions of calcium 
carbonate and of sodium carbonate and bicarbonate with and without additions 
of calcium sulfate. 

All the treatments were in duplicate, and the arrangement of the pots is 
shown in tables 10 and 11. 

The pots were weighed at the time of filling and brought up to the optimum 
moisture content, which was 20.0 per cent for the normal soil and 20.8 per cent 
for the alkali soil. The moisture content was kept constant throughout the 
experiment by adding water to weight. This water was added by means of a 
tube at the bottom of the pots, in order to prevent puddling. The experi- 
ment was started on November 12, 1915, and beans seeded in all the pots in 
the attempt to ascertain whether the effects of the alkali salts would be the 
same on the crop grown as on the nitrifying organisms. After the crop was 
removed, samples were drawn and tested for nitrifying power on February 
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23, March 10 and March 20 for the normal soils, and on February 6, Febru- 
ary 25, March 12 and March 22 for the alkali soils. The procedure in these 
tests was the same as that already outlined, except that fresh soil was used, 
no soil infusion was added, and of course, no salts were used, the idea being to 
determine the nitrifying power of the soils receiving the various salts after a 
crop had been grown and after the salts had been present in the soil for a 
comparatively long period. 

The results of the tests of the normal soils are given in table 10 and figures 
10 and 11, and of the alkali soils in table 11 and figures 12 and 13. 
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Sort—TuirD AND FourtH SAMPLINGS (Pot EXPERIMENTS) 


Normal soil tests 


Considering the results as a whole, it is apparent from table 10 that sodium 
chloride gave a very slight increase in nitrification. Th's increase was quite 
noticeable at the last two samplings. This effect of the use of 0.005 per cent 
of NaCl checks exactly with the results secured in the laboratory test with the 
use of NaCl as shown in table 1. Evidently the stimulative effect of the NaCl 
on nitrification when amounts not exceeding 0.005 per cent were used continues 
for some time after the application is made, if these results in the pots are 
considered sufficiently definite to warrant conclusions. At any rate, no 
toxic effect is seen. NasSO, gave a slight toxic effect on the nitrifying power 
of the soil, as shown at the first and last samplings. A very slight increase 
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TABLE 11 
Effects of CaCOQ3, NaHCO;, NazCO; and. CaSO, on nitrification in alkali soil 
FIRST SECOND THIRD FOURTH 
SAMPLING SAMPLING SAMPLING SAMPLING 
= Aver- | Avet- | aver. | Avet- | Aver- | AYel- | Aver. | Aver: 
5 age N ‘oe ghell age N fa glo age N ae age N ake 
mgm. | mgm. | mgm. | mgm. | mgm. | mgm. | mgm. | mgm. 
LINN soit owes wakocncs. sehen 4.6844 4.5150 15.4955 
ONE ota wad ve is was scae eke 4.0614/4.0992/4.8454/4.7149]/4.7264/4. 6207/5 .2106/5 .3531 
3 | 0.189 per cent CaCO ...........|5.4642 4.9784 4.5262 5.4950 
4 | 0.189 per cent CaCQ;...........|5.6014/5 5328/4. 6592/4. 8183/4. 5703/4. 5482/5 4418/5 . 4684 
5 | 0.378 per cent CaCO ...........] Lost 4.7348 4.7454 5.8422 
6 | 0.378 per cent CaCO .......... .|5.5384)5 5384/5 8954/5 3151/5. 1310/4 .9382/5 . 3998/5 .6210 
7 | 0.109 per cent NaHCO ......... 4.8174 5.0414 4.9560 5.9528 
8 | 0.109 per cent NaHCO ........ .|4.6601/4.7384|5.2696|5 .0435/4 4716/4. 7138/4.9518]5 .4523 
9 | 0.218 per cent Na2CO;...... .. 4.9518 4.9261 4.5402 5.9010 
10} 0.218 per cent NazCO ......... .|4.8622/4.9070/6.1726|5. 5493/4 .8342/4.6872/5.7512/5.8261 
11*| 0.109 per cent NaHCO ........ .|4.9644 6.0970 4.8384 5.7512 
12*| 0.109 per cent NaHCO3........ .}4.7710}4.8677/6 .0088/6 .0529/4 . 8230/4. 8307/6. 2216/5 .9864 
13t| 0.218 per cent NaeCO ..........] Lost 5.6168 4.9560 7.0424 
14}| 0.218 per cent NasCO3......... {5.5916 5.5916 6.5170/6 0669/5 .1310]5 .0440]6. 5324|6.7874 


* Plus 0.177 per cent CaSQ,. 
tT Plus 0.261 per cent CaSO,. 
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Fic. 12. Errects or CaCO;, NaHCOs;, NasCO; AnD CaSO, on NITRIFICATION IN ALKALI 
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occurred at the second sampling, but the difference was too small to be con- 
sidered significant. The laboratory tests showed a stimulative effect of 0.518 
per cent of Na2SO, on nitrification but the effect evidently disappears after the 
salt has been in the soil for several months and a slight toxic effect is found 
from this amount of this salt. MgSO, gave a beneficial effect on nitrification 
at all samplings except the second, and this is in accord with the results se- 
cured in series III, where 0.022 per cent of MgSO, gave a distinct increase in 
the process. The effect was not so great here and evidently the beneficial 
influence of the salt gradually decreased as the time since appl cation in- 
creased. After a still longer period it is possible that there would have been 
no effect whatever or the opposite influence from this salt, just as was noted 
with the NaeSQx. 

CaCO; in all cases gave a pronounced ‘ncrease in nitrification and this 
result checks with that secured in the laboratory test. The effects of this salt 
evidently persist for a longer period after it is applied to the soil than is the 
case with the other salts just mentioned. This salt is so essential in soils for 
the process of nitrification to occur to the best advantage that its effect in 
increasing the process is easily understandable. 

When all four salts were applied together there was no effect on nitrifica- 
tion. The beneficial effect of the calctum carbonate just noted was not ap- 
parent in the presence of the other salts. The slight toxic effect from the 
Na2SO, noted when it was used alone evidently increases in the presence of 
calcium carbonate and this is offset by the beneficial influence of the CaCO. 
Harris (4) found this fact to be true in his tests of the alkali salts on crop 
growth. It also forms a basis for the result secured in series VIII showing 
the toxic effect of CaCO; when applied in larger quantities to the alkali soil. 


Alkali soil tests 


On examining the results of the nitrification tests in the soils from the 
alkali pots it is seen that CaCO; in both amounts used increased the nitri‘y- 
ing power of the soil. The larger amount gave the larger increase in all 
cases, The gains were generally quite considerable. Likewise, the NaHCO; 
gave quite considerable increases in the nitrifying power of the soils. These 
results are in agreement with the laboratory tests in series V which showed 
decided benefit to nitrification from the use of 0.10 per cent NaHCO;. That 
series showed larger amounts than this to be toxic to the nitrifiers and ex- 
periments of others have shown that larger amounts are injurious, hence it is 
evident that this alkali soil does not contain any considerable amount of 
NaHCO;. With Na,COs;, very similar results were secured as with the 
bicarbonate. Distinct increases in nitrifying power were noted at every 
sampling. These results check fairly accurately with those secured in series 
VI which showed a stimulation in nitrification from the application of 0.10 
per cent and a depression at 0.30 per cent. It is quite possible that the 
turning point occurred in that case at about 0.30 per cent and that 0.20 per 
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cent would have shown an increase. Larger amounts of this salt, like the 
bicarbonate, depress nitrification, and hence it would seem that this alkali 
soil is not extremely high in this salt. When calcium sulfate was used with 
the sodium salts, in every case, with both salts there was an increased stimu- 
lation in nitrification. The calcium sulfate alone in the laboratory tests in 
series VII showed no effect on nitrification in the alkali soil, so the effect 
here is evidently due to the combinations with the sodium salts. Series [IX 
showed a slight increase in nitrification when CaSO, was applied with NazCO; 
in the presence of CaCO;, and that result may serve to verify the present. 
NaHCO; in that series did not produce this effect. It is apparent from these 
results that the nitrification process in this alkali soil was not low as a result 
of any excess of sodium carbonate or bicarbonate. Calcium carbonate in 
large amounts likewise did not depress nitrification, so the alkali condition is 
evidently not due to excess of this salt in the alkali soil. The laboratory 
tests and the tests in the greenhouse soil several months after treatment were 
in excellent agreement. 


Crop experiment 


As has been mentioned, beans were seeded in both the normal and alkali 
soils in the greenhouse tests. Four, separate plantings were made in the 


TABLE 12 
Crop results of pots containing normal soils 
aa ~y ail TREATMENT ae ao. warGn OF 

grams grams 

1 DMI tee oaks cs cunnea se sana se Skuse aansee 33 
2 PME atc Bau scene on adie Wann WRine sine winke 39 36.0 

3 ACOA MOET MCT oon hs aS eines 5:00 wise gn 'e wisi 41 
4 RACE ADAMS ICE NITY 565 hb 5:5. c ya 5s oe wise wcie vie de esis 39 40.0 

5 RS ON Ui Lae: rr 31 
6 (OS OF Uh eS ec . | eear e 31 31.0 

7 OS URS eo co || i ae ee gE 49 
8 APS ON UU tot re 46 47.5 

9 CaO 0.169 Ur CONE. oo... cos cece ces cence 42 
10 Oe OU tog |) i a nee 38 40.0 

11 PRN NY BRUNE oo iodo io a Nie BS Kaw SLSR RE 35 
12 LAE POSS SRS eens epee aaa rare eee a 34 34.5 


alkali soil but the seed refused to germinate. Barley was then seeded, but 
grew only in the pot receiving CaCOs, and the per cent of germination was 
very small. No crop results in the alkali soil were secured, therefore. 
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In the norma soil the bean crop was harvested on February 4, and the 
green weight secured. The results in table 12 and figure 14 show the crop 
yields. The NaCl gave an increase in the crop, as did the MgSO, and CaCO;; 
the Na2SO, depressed the yield slightly and the combination of all four salts 
gave no effect on the crop. These results check quite accurately with the 
results of the nitrification tests in the greenhouse soils and, except for the 
NaeSO,, with the results in the laboratory. NaeSO, in these latter tests in- 
creased nitrification. The amounts of NaCl, MgSO, and CaCO; used were 
beneficial, both to crop growth and to nitrification, while the Na2SO, was in- 
jurious, except in the laboratory test. All the salts together had no effect. 
Lipman’s (8, 9, 10) conclusion that nitrification tests and crop effects agree, 
in the case of alkali salt studies is thus confirmed. ‘These crop results agree 
very well with those of Harris (4) already referred to. 


SUMMARY AND CONCLUSIONS 


These studies on the effects of alkali salts on nitrification in a normal soil 
from Wyoming, and on comparative nitrification in normal soil variously 
treated and in alkali soil, untreated and treated, gave results which, while 
perhaps not conclusive, are at least indicative of certain relaticns in the field. 
These indications may be summarized thus: 

1. Nitrification in normal soil is stimulated by small amounts cf NaCl, 
NaeSO, and MgSOu,, and large amounts of CaCO;. These salts become toxic, 
however, at certain points, which undoubtedly vary in different soils. With 
this soil in laboratory tests the toxic point was 0.02 per cent NaCl, 2.00 per 
cent NasSO, and between 1.5 and 6.00 per cent CaCO;3. The toxic point for 
MgSO, was not determined. 

2. Nitrification in alkali soil was increased by small amounts of NaHCOs, 
NaeCO; and CaCO 3. Calcium sulfate had no effect. These salts became toxic 
in this soil at 0.30 per cent for both the sodium carbonate and bicarbonate 
and at 6.0 per cent for the CaCO;. The addition of CaSO, with the sodium 
carbonate and bicarbonate, in the proper amount to react with them, pre- 
vented any toxic effect from the largest amount used. 

3. The tests in the greenhouse soils checked very closely with the laboratory 
studies in the case of the alkali soils. In the normal soils the agreement was 
likewise good, except in the case of NasSO,. That salt became toxic according 
to these tests at a concentration of 0.5 per cent. This is a very much ‘ower 
toxic point than was noted above but nearer that found by others. 

4. The effect on the crop grown in normal soil of the alkali salts, with the 
~ exception of the NaeSO., were very similar to the effects on nitrification in both 
laboratory and greenhouse tests. Increases were secured with NaCl, MgSO, 
and CaCO3;, but Na2SO, caused a depressicn in crop and in nitrification in the 
greenhouse soils. All the salts together had no effect. In general, it seems that 
nitrification and creps are very similarly affected by alkali salts. 
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5. Crops refused to grow in the alkali soil, but the injurious factor was 
evidently not an excess of NaHCO; or NaeCO;, as additions of these salts 
increased nitrification in the soil. The injurious factor was likewise evidently 
not CaCOs, for that compound stimulated nitrification in the alkali soil. 
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Until recently scant consideration was accorded the element sulfur in the 
study of soil fertility. Inaccurate methods of ash analysis, which failed to 
show the entire amounts assimilated by plants, were probably in a large meas- 
ure responsible for failure to attribute to sulfur an important réle in the study 
of plant needs. It was therefore natural that slight attention should be paid 
to the form or extent of the element as it occurs in soil. But within the last 
several years particular attenticn has been given the subject from the several 
viewpoints of plant-ash composition, conservation of soil supply, and the 
amount derived from rainfall. The relationship between soil sulfur and bio- 
logical activities also has been studied. The Wisconsin, Kentucky, Rotham- 
sted, Ohio, Nebraska, and Iowa stations have contributed to the literature 
upon the several phases of the subject. 

The results submitted in this paper were not obtained from a study which 
had its inception in a consideration of the sulfur problem. However, the 
findings as to the behavior of the element during the first two annual periods 
have been exceedingly striking. It is not intended at this time to offer a 
complete study or a full array of data obtained, nor of conclusions suggested 
thereby, but to submit the findings in the way of a preliminary report for the 
benefit of those who are working upon, or who are particularly interested in, 
the sulfur problem as related to soil fertility. 

Before offering the data obtained, it is essential that a brief description of 
the experimental equipment and methods followed be given. A mellow sandy 
loam from the second bench of the Tennessee River at Knoxville was used. 
One hundred pounds of soil, on the moisture-free basis, were used for each 
treatment. The lysimeter equipment used in the work is illustrated in plate 
1 (figs. 1 and 2). The soil leaching studies now being carried out in the equip- 
ment were intended to supplement the work of this station upon the problem of 
absorption of the several forms of lime and magnesia by soil under field condi- 
tions. In the preliminary work, reported upon in part in Tennessee Agricu'tural 
Experiment Station Bulletin 107, both 2-and 8-ton applications of lime per 
acre, or equivalent amounts of the several forms of the earthy alkalies, were 
made. In the supplementary work here considered, the treatments were 
based upon chemical equivalences of 8, 32 and 100 tons of CaO peracre. The 
231 
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excessive applications were made with the idea of affording an opportunity 
for a study of fundamentals, rather than delimiting the work to bounds which 
would yield data susceptible of only practical application. The following 
seven alkali-earth materials were used: burnt lime, burnt magnesia, precipi- 
tated calcium carbonate, precipitated magnesium carbonate, 100-mesh lime- 
stone, 100-mesh dolomite, and 100-mesh magnesite. Each treatment was 
thoroughly mixed with moist soil in good, workable condition and placed 
in a galvanized iron lysimeter containing a sand filter bed, and having a 
block tin drainage tube. In a second set, placed simultaneously, the foregoing 
21 treatments were duplicated as to surface soil, but in this set one foot of 
clay subsoil was placed between each sand filter and the overlying surface 
soil. Two additional tanks also were used as separate containers for the 
relatively inactive natural silicates, wollastonite, and serpentine. Blanks of 
both depths also were later included. 

The successive leachings, derived from natural rainfall only, from July, 
1914, to July, 1916, were conveyed to the laboratory, where their respective 
alkalinities were immediately determined. Aliquots were then preserved in 
acid solution and the composites for each year were subjected to complete 
analysis. 

In the fifth and sixth columns of table I are given the total alkalinities of 
the several yearly leachings, expressed as cubic centimeters of half normality. 
In the seventh and eigth columns are given the amounts of SO; per acre for 
the two respective annual periods. A number of tests were made upon the 
several solutions in order to determine the form of the sulfur present. It 
appeared that all of the sulfur leached was in the form of sulfates. 

A study of table 1 shows certain positive and consistent differences, par- 
ticularly as to the estoppage effected by the subsoil. During the first year 
the loss of sulfur was very much heavier from the tanks containing only sur- 
face soil than from the tanks which contained subsoil also. As a rule the 
same holds for the second year; but a marked exception is to be observed in 
the instances where the oxide and precipitated carbonate of magnesium were 
applied. The averages of the total amounts of SO; leached from all the 
tanks receiving the several carbonates are 472 pounds and 221 pounds per 
acre, respectively, for the years 1914-1915 and 1915-1916, in the case of the 
tanks having no subsoil, as compared with 31.1 pounds and 114.8 pounds per 
acre, respectively, for the identically treated tanks during the same two years 
where the surface soil was underlaid with one foot of clay subsoil. The material 
increase in the average of SO; leached through the subsoil during the second 
year is due mainly to the fact that during that period large amounts of sulfur 
began to leach from the tanks cohtaining the treatments of oxide and pre- 
cipitated carbonate of magnesium, and from these tanks only. Analyses of 
the leachings established the fact that the downward movement of sulfur 
and that of magnesium were parallel. That is, where no subsoil was placed, 
large quantities of both sulfur and magnesium leached out of the surface soil 
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TABLE 1. 
Alkalinity of leachings and amount of sulfur trioxide leached in two years’ tests 
TREATMENT Ip ero SOs LEACHED _ 
CUBIC CENTI- POUNDS PER ACRE 
TANK NO. ‘sae AMOUNT OF SUBSOIL METERS N/2 PER ANNUM 
Substance applied tons per 
acre 1914-15] 1915-16] 1914-15] 1915-16 
5 ERG CoC ret he 8 None 449 604 | 341.0} 267.0 
DPA Os stars <orkcs oo snc ses 8s 8 1 foot 102 174 32.9} 68.2 
§ Re cris Scaaichawicsav arses 32 None 1642 592 19.0} 116.0 
POUNCED ie: ata cia tate ees 32 1 foot 114 98 | 25.0} 21.6 
i ye! | Cr) C as ea ernie 100 None 4301 | 5011 | 67.0) 15.0 
i SCO Besiktas sueceeb as 100 1 foot 119} 105 | 17.4) 29.5 
ere eer 8 None 1024 | 937 | 469.0} 141.0 
0 eer rrr tr 8 1 foot 98 | 153 | 40.1] 161.6 
WPA NMUND 505 5 neces en mie ete ne se oe 32 None 2572 | 4089 | 567.0} 216.0 
ESP NR NTO tees Oe casts 32 1 foot 65 | 476] 18.0} 488.7 
Ns HBR Sars tren nines 100 None 1120 | 2392 | 581.0} 291.0 
5 Faget | Rn eR 100 1 foot 95 99 | 24.6] 228.7 
A, | CG CS ae Pe ree 8 None 165 | 434 | 468.0) 203.0 
). | C2) ©. 6 Sanaa ee ee eats 8 1 foot 105 | 140} 34.9) 58.4 
(CHIR | Sc, C, 0 SSN OAC eres a 32 None 279 | 442 | 448.0} 187.0 
YU | O25, C50 SEA rarer or arte 32 1 foot 122} 141 29.3) 30.1 
1 Ae Ce Cl 0 SER ere werent 100 None 250 | 399 | 460.0} 287.0 
BR SRO ANS Og ec oS. see aceciataieieata- eke 100 1 foot 98 | 133 | 27.0) 124.0 
7 lite, al Fs ©) Oa ace een are 8 None 2207 | 1356 | 528.0} 170.0 
Same be: OC 6 Sa a ae eee ara 8 1 foot 98 163 31,7) 136-2 
HAO NOOR ee ncs ie Rien os 32 None 2365 | 3223 | 551.0} 203.0 
' HE | n,n IO 32 1 foot 170 | 451] 54.9} 593.6 
LMR | OSC CSA Sea PR 100 None 2418 | 3833 | 618.0) 364.0 
BOs BC CO Re cis sth cute oe 100 1 foot 94} 217 | 38.4] 409.7 
5 |Ground limestone......... 8 None 379 | 479 | 540.0) 214.0 
26 |Ground limestone......... 8 1 foot 89 | 128} 19.5} 29.1 
12 |Ground limestone......... 32 None 330 | 459 | 399.0} 172.0 
33 |Ground limestone......... 32 1 foot 111 125°) 3b.4) 27:5 
19 |Ground limestone......... 100 None 392 | 484 | 402.0) 215.0 
40 |Ground limestone......... 100 1 foot 164 161 40.4) 87.2 
6 |Ground Dolomite......... 8 None 230 | 376 | 401.0) 215.0 
27 |Ground Dolomite......... 8 1 foot 101 155 | 20.7) 27.4 
13 {Ground Dolomite......... 32 None 311 548 | 402.0) 238.0 
34 |Ground Dolomite......... 32 1 foot 118 122°) (38.8) 77.7 
20 |Ground Dolomite......... 100 None 298 | 528 | 417.0} 325.0 
41 |Ground Dolomite......... 100 1 foot 123 132 | 26.5} 18.4 
7 |Ground Magnesite........ 8 None 489 | 679 | 512.0} 171.0 
28 |Ground Magnesite........ 8 1 foot 118 | 158] 30.6} 36.0 
14 {Ground Magnesite........ 32 None 873 | 859 | 426.0) 176 0 
35 |Ground Magnesite...... 32 1 foot 140 | 178 | 21.1) 44.6 
21 |Ground Magnesite.........| 100 None 433 | 785 | 509.0) 181.0 
42 |Ground Magnesite.........| 100 1 foot 131 160 | 22.0! 21.8 
43 |Wallostonite....< ic. s.as0s 32 1 foot 177 £70°| 35.3| 26:2 
Ag: ISermentine. 6 csick eos on 32 1 foot 170 | 174] 42.1) 18.6 
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treated with the oxide and carbonate of magnesium during both years. How- 
ever, although the subsoil arrested the passage of both magnesium and sulfur 
during the first year, it permitted the passage of both elements during the second 
year. The elimination of the results from the magnesium carbonate tanks 
materially alters the average of the subsoil tanks for the second annual period. 
If we average the leachings from the tanks containing treatments of the nat- 
ural carbonates of both calcium and magnesium and also those containing 
precipitated carbonate of lime, the alkali earths in all of which are still 
in large measure retained by the subsoil, we find a loss of 215 pounds 
per acre for surface soil alone, but a loss of only 48 pounds where the absorp- 
tion effected by the subsoil is introduced as a factor during the second year 
of the experiment. It is thus apparent that the presence of the underlying 
subsoil either inhibits the formation of magnesium sulfate within the surface 
soil, or, if not inhibiting its formation, increases the holding capacity of the 
soil for sulfur, as well as for magnesium; or else the subsoil absorbs not only 
the basic ion but also the acid radicle. The first assumption is not tenable, 
and it is probably beyond doubt that the subsoil has effected an absorption 
of both Mg and SO; ions without any interchange of bases, this being con- 
firmed by the analyses of the alkalies in the leachings. 

Considering the treatments in the order in which they occur in table 1, 
the 8-ton applications of burnt lime slightly depress the amounts of sulfur 
coming through in the leachings, as compared with the other and equivalent 
treatments; but the 32-ton and 100-ton treatments practically inhibit the out- 
ward movement of sulfur in solution. No such retardation in the sulfate leach- 
ings was demonstrated by the precipitated carbonate or by the natural car- 
bonate of lime, even in the case of the 100-ton-equivalent applications. It 
may be observed that during the second year, when the 32-ton treatment of 
lime had become in large part carbonated, the increase in the sulfates leached 
was over six-fold. It is hoped that we may be able later to state more defi- 
nitely whether the marked depression is due to chemical or to biological 
causes, or to a combination of the two agencies. 

The effect of oxide of magnesium has been the reverse of that produced 
by burnt lime. Either the tendency to form sulfates was engendered or 
accelerated by magnesia, or else the ability of the soil to retain sulfates has 
been depressed. As previously stated, we have observed that the movement 
of sulfur and that of magnesium are parallel in the leachings so far studied 
and it is interesting to note that in the case of the 32-ton treatments of both 
oxide and carbonate of magnesium, the magnesium appeared in the leachings 
from the subsoil lysimeters in appreciable amounts prior to like appearance 
in the case of the 100-ton treatments. The amounts of sulfur leached from 
these same tanks were in accord with this unanticipated finding of magnesium. 

All of the natural carbonates, in the several amounts, appeared to bring 
about conditions which caused an augmented outgo of SO3, when compared 
with subsoil tanks which received no carbonate treatment. The concen- 
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trations of the leachings during the second year were greater, with reference 
to their sulfate contents, than during the first year, but the volumes leached 
during the second year were less than during the initial annual period, so 
that, as a result, when calculated to the pounds-per-acre basis, the actual 
amounts of sulfur leached during the second year were smaller than those 
which passed through during the first year. If the abnormal losses are due 
to biological activation, such a result would be expected. 

The differences between the results produced by the natural and the pre- 
cipitated carbonates are interesting. The lesser solubilities of the natural 
carbonates are reflected both in the lack of appreciable increase in the amounts 
of SO; leached and in the constancy of the alkalinities of the several leachings. 
The greater active mass afforded the soil for the satisfying of its absorptive 
power, in the case of the more soluble oxides and precipitated carbonates, 
has caused an earlier demonstration of the accelerated movement of alkali- 
earth sulfates, if, indeed, the natural carbonates are ever to demonstrate such 
a tendency. 

The soil’s initial total sulfur trioxide content was 0.1290 per cent, while 
the subsoil showed a total per cent of 0.1249. The amount of SO; extracted 
by a 3-hour agitation with distilled water was 0.0152 per cent for the sur- 
face soil and 0.0036 per cent for the subsoil. Twenty-gram charges were 
used in making both determinations. 

It can readily be seen that a continued loss of sulfates, in proportions ap- 
proximating those which have transpired to date, would effect a speedy and 
absolute depletion of the initial organic sulfur content. Particularly is this 
true of the oxide and precipitated carbonate of magnesia, while, to date, 
the excessive burnt-lime treatments are an outstanding exception. In addi- 
tion, however, to the initial store of organic and inorganic sulfur, there must 
needs be considered the excessive supplementary aerial supply. 

The University farm is located within the boundary of the city of Knox- 
ville, where a large amount of soft coal is burned. This may be appreciated 
by the fact that the average of analyses of three years’ rainfall by three ana- 
lysts shows the annual precipitation of sulfur trioxide to be 124 pounds per 
acre. The analytical data obtained from analyses of the original soil, long 
exposed to the sulfur of rainfall, do not suggest any characteristic property 
of this soil to conserve the sulfur obtained from aerial sources. 
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Of the many processes operative in soils that are of interest to plant physiol- 
ogists, those concerned in the movement of water are of primary importance, 
because they modify the effects of all the other processes upon rooted plants. 
Furthermore, as has been repeatedly emphasized (5, 14, 15, 16, 17) the ratio 
between the rate at which water moves from the soil into the plant and the 
rate at which it moves from the plant into the atmosphere is often of supreme 
importance in conditioning the existence of a given plant or species of plant in 
a given habitat. Before any quantitative information of general applicability 
can be obtained regarding the rates at which plants absorb water from the 
soil, the preliminary question dealing with the maintenance of intimate 
contact of absorptive surface and soil water must be answered. Of the two 
ways in which this contact may be effected, namely, by growth of the roots 
themselves through the soil as the water is absorbed, and by movement of the 
soil moisture to the roots, only the second process is susceptible of investigation 
independently of the other. It thus appears that quantitative knowledge 
concerning the movement of soil water is of immediate importance to the 
general physiology of rooted plants. Since quantitative knowledge concerning 
the rates of movement of soil moisture is desired it is important that a definite, 
quantitative hypothesis concerning water movement be developed, and this 
is attempted in this paper. The results, combined with experimental data, 
will, it is hoped, be of service in the elaboration of a more precise, mathe- 
matical statement from which the movement of soil moisture may be calculated 
from measurable soil characters. 

In approaching this problem of the movement of water in soils it appears 
advisable to narrow the field of initial inquiry to non-toxic, non-saline, drained 
(and aerated) soils because the greater number of higher plants of temperate 
zones (those that are at present economically and ecologically the most im- 
portant) are rooted in such soils. The processes by which water movement 
takes place may be grouped under two heads: mass, or molar movement of 
water, and molecular movement. The latter, which includes movement by 
local evaporation and condensation and by diffusion through the soil solution, 
has, in general, a relatively small effect upon any given plant during its grow- 
ing season. In the following discussion only molar movement of water will 
be considered. 
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The solution of this problem has been, greatly furthered by the work of 
Briggs (6, 7) and of Buckingham (10). Although these authors obtained no 
satisfactory quantitative statement of the movement of water, chiefly be- 
cause they possessed no instrument suitable for measuring rates,! their de- 
scriptions of the structure of drained, water-containing soils and their very 
complete analysis of the forces operative in mass movement of water form a 
valuable basis for such a statement. Obviously, the immediate need is for an 
instrument that will be suitable for absorbing water from field soils, an instru- 
ment whose maximum rate of absorption is greater than the rate of water 
movement in the soil, whose contact with the soil is intimate and whose 
absorptive surface remains fixed in position. The high maximum absorption 
is essential in order that the water may be absorbed as fast as it reaches the 
instrument so that the rate of movement of soil moisture may be determined. 
The fixed position of the absorptive surface is essential in order that move- 
ment of this surface shall not complicate the analysis of the results of its use, 
or, as when air is used as an absorbing medium, a dry layer of soil shall not be 
formed, which diminishes the rate of absorption. 

The diffusion of water into a solution from which it is separated by a septum 
that permits the counter-diffusion of the other components of the solution to 
only a slight degree has been shown by Pulling and Livingston (19) to be of 
potential value as the operative principle of such an instrument and was 
employed in this investigation. The collodion membrane, prepared in the 
manner described by Bigelow and Gemberling (4) and by Smith (21) was 
found to be adequate, although a 12-hour immersion in an 80 per cent solu- 
tion of ethyl alcohol in water, after a certain amount of drying, was found 
to decrease the permeability and increase the uniformity of the membranes. 

In the present studies magnesium sulfate solutions were substituted for 
those of cane sugar, which were used. in the earlier work, because of the high 
viscosity, great variation in viscosity with temperature changes and chemical 
unstableness of the latter. Preliminary experimentation, the details of 
which are not germane to the present discussion, led to the selection of mag- 
nesium sulfate in solutions of approximately M.1.5 concentration.? As high 
a concentration as this is not necessary to remove water from the soil, but in 
order that the instrument might operate for several hours with uniform, water- 
absorbing power, it appeared necessary that the difference between the speci- 
fic gravities of the portion of the solution diluted by entering soil water and 
that of the undiluted portion be great enough to insure rapid operation of 
convection currents, thus rendering a higher concentration necessary. 

The glass thistle tubes used in the Tucson experiments (19), although they 


1 The difficulties of obtaining proper contact between absorbing surface and soil seem to 
have prevented field tests with the instruments that had previously been: described. See 
Briggs and McCall (8), Livingston (14) and Whitney and Cameron (22). 

2 This solution was obtained by dissolving 1.5 of the gram-molecular weight of hydrated 
(approximately 7 H;O) magnesium sulfate in 1000 cc. of water at approximately 20°C. 
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were useful in the prelinfinary tests, were unsuitable for field use because of 
their fragility and cumbersomeness. The form of the instrument that was used 
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Fic. 1. THe OSMOMETER 


A, Sectional view of the osmometer in position in the soil. The arrows show the approxi- 
mate general direction of convection currents. B, Top and bottom views of the osmometer. 


in the present field tests is shown in figure 1. Each instrument was made from 
a bar of brass, square in cross section. This bar was planed on two opposite 
faces to form a wedge, 1} by 1} inches at the top and 1} by 1 inch at the 
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bottom. A cylindrical core, } inch in diameter, waS removed longitudinally 
from the larger end almost to the smaller, and a circular opening, also { inch 
in diameter, was then bored through each of the planed faces, opposite each 
other and near the lower end, thus communicating with the central cavity. 
Experimental search for a means to control convection currents (in lieu of 
stirring) sufficiently to obtain fairly constant rates of intake when the instru- 
ment was immersed in water led to the selection of the following as the most 
convenient. Thin, brass plates, perforated as extensively as possible with 
holes + inch in diameter, were soldered over the lateral openings. Although 
a single membrane was applied over each entire plate, communication with 
the soil was virtually effected through many small membranes. 

To place the osmometers in position in the soil a trench, narrower than the 
instrument and deeper than its height, was cut with a sharp knife and the soil 
removed. The trench was widened until it was only slightly narrower than, 
and of the same sectional shape as the instrument, which was then carefully 
lowered into it and gradually, during the course of fifteen or twenty minutes, 
pushed deeper until further movement was not followed by an increase in 
rate of water intake, when it was assumed that the greatest possible area of 
membrane was in contact with the soil. 

An objectionable feature of this form cf instrument is the flat surface to 
which the membranes are applied, for the probability that a membrane will 
adhere perfectly to every part of it is small. A slight trace of moisture re- 
maining between the membrane and the brass surface forms a drop into which 
salt gradually diffuses as the instrument is used. Into this solution water 
diffuses, enlarging the drop and slowly separating brass and collodion until 
connection is established with either the interior or the exterior. If it be 
with the former, the process proceeds until a continuous passage is formed, 
underneath the membrane, between the interior and the exterior of the 
instrument. Such leaks may be so small as wholly to escape notice while 
the rate of water intake is great, as in trials of the instrument against water, 
but may produce large errors when the rates are small, as in many cases of 
its operation in the soil. 

Of the many methods tried for preventing errors caused by these leaks the 
following was adopted. Instrument and delivery tube were filled with dis- 
tilled water and the instrument placed in a small vessel containing water, 
the upper level of which was above that of the membrane; the graduated 
delivery tube was elevated until the water meniscus in the tube stood 13 cm. 
(uniformly maintained but selected from considerations of convenience only) 
above the water level outside. The rate at which water passed outward 
through the membrane (or other accidental exits) as indicated by the fall of 
the column in the tube, was considered an index of the instrument’s permea- 
bility. After considerable experimentation it was decided to discard all 
membranes that permitted a loss of water at a rate greater than one cubic 
millimeter per 5-minute interval. This limit is perhaps so low that many 
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serviceable membranes were discarded, but as it appeared to be a certain 
insurance against leaks it was believed best to adopt it. Instruments were 
tested frequently and whenever one was found that exhibited greater permea- 
bility than at a previous test it was considered unsatisfactory and all the 
data acquired with if during the interim were discarded. Because of these 
suspected leaks data from less than a third of the original number of tests 
can be presented. 

Turning to a consideration of the movement of water in drained soils it 
will be of advantage to picture the process descriptively. In such soils 


Fic. 2. HypoTHETICAL SECTION THROUGH A DRAINED Sort, SHOWING WEDGES AND FILMS 


water exists (fig. 2) in the form of thin films covering the soil grains and con- 
fluent with masses of water that are of great diversity of form although alike 
in having an air-water interface concave to the air. Because of their general 
sectional shape these masses have been termed “‘wedges” by Buckingham (10) 
and this designation will be used in the following to distinguish them conven- 
iently from the hygroscopic films that cover the soil grains. Water of hydra- 
tion, the so-called colloid water and water that has penetrated the minute 
cracks in the soil grains need not be considered since the water-holding forces 
that are operative in these cases are so powerful that for present purposes the 
water may be regarded as virtually a part of the soil grain with which it is 
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associated. It is necessary only to consider water in the ‘forms.”® mentioned 
in the text books as capillary and hygroscopic water, for the third of these 
forms, gravitational water, is assumed absent since the soil is drained. 

As far as plants are concerned the hygroscopic water is of little importance, 
for, as has been repeatedly shown, they are unable to withdraw it from the 
soil, as, indeed, a consideration of the elementary principles of equilibrium 
will demonstrate, and it cannot be reduced in amount by molar water move- 
ment. The usual text-book statement is that the “water films” increase and 
decrease in thickness with varying amounts of soil moisture. The results 
of investigations on the flow of water in capillary tubes has shown, however, 
that slipping in the layer of liquid adjoining the wall does not take place, which 
indicates that relatively strong forces hold it in position. Also Bakker’s 
(1, 2, 3) researches indicate that the thickness of the capillary film is slight 
(about 1.6 10-7 cm.)‘ and practically invariable, small variations resulting 
only in response to large changes in vapor pressure or temperature. Since 
it is so thin, this film is, throughout its thickness, a fusion of both the gas- 
liquid interfacial layer of the wedges (the surface tension film) and that water 
layer of the wedges that immediately adjoins the soil grain. Thus the surface 
forces resident in the gas-liquid interface of the wedges are transmitted by this 
hygroscopic film to the soil grains so that the soil mass acquires structure. 

In concave surfaces the capillary tension’ varies inversely as the radius 
of curvature, becoming least when this is infinite, i.e. when the surface is 
plane. Since capillary tension is the force retaining water in the wedges, 
it is evident that for all parts of the soil to be in equilibrium with regard to 
water movement, the radii of curvature of the concave surfaces (as Briggs 
long since pointed out) must be equal throughout, regardless of the actual 
amount of water in any individual wedge or in any number of them. The 


3 As Free (12) has pointed out, references in this connection to forms of water are very 
objectionable because of the implication that a change of condition or state accompanies 
change from one form to another, whereas, so far as is known, the difference is solely in 
the forces (quantitative or qualitative) holding the water in a given position with reference 
to the soil grains. 

4 This value for the thickness of a capillary film is smaller than that usually given, which 
ranges from 5-10 X 10-7 cm. Quincke (20) gave the distance through which a glass wall 
attracts water as about 5 X 10-* cm., a much larger value than that of later investigators. 
The actual thickness is of little importance in this connection since the order of magnitude 
is practically the same for the different values. For further references and a brief statement 
of the range of attraction of molecules, see Lewis (13). 

5 Surface tension may be defined as the tension per centimeter in the plane surface of a 
liquid under a given set of temperature and pressure conditions. Surface energy is defined 
as the product of surface tension and surface area. Capillary tension is used in this paper to 
designate the tension, often confused with both the foregoing, brought about by the curva- 
ture of a surface that possesses surface tension. Surface tension is thus considered as a 
property of liquids, varying only with their nature, with temperature and with imposed 
pressure, while capillary tension varies not only with the surface tension but also with the 
curvature of the surface. 
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withdrawal of water from any one wedge will result, in general, in a decrease 
in the radius of its surface curvature, since almost invariably the space cc- 
cupied by the water is narrower near the point of contact of the grains than 
near the air-water interface. This increase in curvature will be accompanied 
by an increased capillary tension as menticned above. 

A general description of the movement of water in drained soils may now be 
attempted. As the capillary tension increases the effect will theoretically 
be two-fold: first, adjoining soil grains that are not in contact (fig. 2) but whose 
hygroscopic films are a continuation of the surface-tension layer of the wedge 
and transmit tensions to the grains, will be drawn closer together; and second, 
water will be moved from adjoining wedges with less curvature (i.e., with 
greater radius of curvature). In field soils the former process will, in general, 
be negligible at and below the depths occupied by even shallow-rooted plants 
so long as forces cf greater magnitude than those of capillary tension (such 
as the expansive force cf freezing water) are not active. In the early spring in 
regions where the soil freezes, in newly-ploughed ground, or on the surface 
of a dried soil recently wetted, rearrangements of the soil grains would of course 
be of significance. In general, however, in the deeper portions of the soil 
the response to the increased tension is movement of water only. Suppose a 
wedge to be in direct communication with others, the invariable condition in 
moist field soils of the type considered in this discussion, and suppose water to 
be removed from the first wedge. Because of the increased capillary tension 
in the surface of this wedge, water will move into it from the others, through 
the communications. If these were the only wedges concerned, the first 
would not obtain sufficient water to compensate for the loss, because move- 
ment could proceed only until the curvatures of all surfaces involved became 
equal, each wedge consequently containing less water than before. If a 
third set be now considered to be in communication with the second, it is 
evident that water will move from these wedges to those of the second set, 
whose radius of curvature becomes thus greater, enabling the first wedge to 
obtain more water. As additional sets are added to this chain the degree to 
which the first wedge may, in time, approximate its original water content 
increases, so that in a field soil, if the amount of water withdrawn is relatively 
small and the time for recovery is relatively great, the wedges initially depleted 
will acquire an amount of water practically equal to that originally lost. 

If the water is removed, however, by an absorbing body that acts with a 
continuous and uniform force of absorption, which is, however, not of sufficient 
intensity to break communication between the wedges, the condition of non- 
equilibrium should be constant in that portion of the soil immediately ad- 
joining the absorbing body. At any instant of time the air-water interfaces 
of the wedges touching this body will have the least radius of curvature of any 
in the soil mass, supposing the soil mass to have been originally in equilibrium. 
The interfaces of the next wedges will have a greater radius of curvature and 
the radius will increase from one set of wedges to the next until the unaltered 
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soil is reached. As time progresses, the distance through the soil in which 
the curvature of the surface has been altered, will increase. Since the curv- 
atures of the surfaces in contact with the absorbing body remain constant 
(because the absorbing body acts with a uniform and continuous absorptive 
force), the wedge and the absorbing body remaining in practical equilibrium, 
it follows that the difference between the curvatures of the air-water interfaces 
of any one wedge and the next will continually decrease, since the number of 
wedges whose curvatures are unequal will increase with time between the 
fixed limits of curvature set by the conditions at the absorbing body and the 
unaltered soil. Since throughout the affected portion of the soil the curvatures 
become more and more nearly equal as time progresses, and since the movement 
of water is conditioned by the difference between the surface curvatures of 
adjoining wedges, it follows that the rate of water movement should become 
less and less. It is also be to expected that the decrease in rate will be most 
evident when the number of wedges affected is small. If, then, the rates 
of water movement in the soil were plotted against the corresponding points 
in time as abscissas, the resulting curve should exhibit a steep slope during 
the first few intervals, the rates decreasing more and more gradually as time 
proceeds, until the curve becomes almost parallel to the horizontal axis, 
upon which the intervals of time are plotted. All graphs obtained with the 
osmometers exhibit this latter characteristic, those extending over the longest 
periods of time showing most plainly the increasing constancy in the rate of 
movement. 

It is patent, however, from an\inspection of the graphs that, although they 
are similar in their more general aspects, there are many particulars in which 
they differ. Some are higher than others, some begin with larger rates than 
those appearing later in the graph, others with smaller rates; in some the 
decline is very rapid, in others it is much more gradual. The interpretation 
of these experimental graphs is divided into four sections. The first deals 
with their general slope, i.e., the rates at which movement of water diminishes 
with time. The second deals with the heights of the graphs, i.e., the actual 
amounts of water moved through equal, fixed planes per unit of time. The 
third deals with the observations made during the first few time periods of the 
tests. These initial rates appear to be controlled in their magnitude by con- 
ditions other than those considered in sections 1 and 2. The fourth deals 
with the apparent fluctuations in the rate of water movement. 


1. The Slopes of the Graphs 


The movement of water through the soil is opposed by frictional and 
capillary resistances. Since these resistances are chiefly due to the existence 
of the soil water in discrete masses it follows that the greater the number of 
such masses the greater should be the total resistance, and the slower should 
be the rate. It also follows that if the number of these wedges is initially 
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great in proportion to the amount of water held, the addition of a unit number 
will produce less effect than if the number is initially small. As the chief 
resistance to water movement is probably encountered in moving from one 
wedge to another, it would appear that the greater share of the time should 
be consumed in movement between wedges, and not in them. Movement of 
water must accordingly be pictured as proceeding discontinuously from wedge 
to wedge, so that a steady state of water movement can never be set up in the 
soil, although as the rate approaches zero the effect of the lag will be less and 
less noticeable. So it appears that a consideration of the numbers and vclumes 
of the wedges per unit of gross soil volume is necessary before the preceding 
general statements can become useful. 

Since the wedges are formed about points of contact of soil grains, it is at 
once obvious that their number will, in general, depend upon the size, shape 
and number of soil grains in a unit of gross or field volume, since the number 

- of contacts is determined by these variables. In any given case the addition 
of soil grains in the interstices of a soil mass will result in an increase in the 
number of wedges, the actual increase depending not only upon the number, 
size and shape of the added soil grains but also upon the number, size and 
shape of those already present. Although it appears unprofitable to attempt 
the formulation of a relation connecting these variables, it seems possible that 
experimentation may furnish an integration of their various effects as a single, 
measurable magnitude. 

Such experimentation has been made and, although the details must be 
reserved for another article, the general reascning and some of the results are 
of importance in this connection. Ina unit volume of any given sample of 
soil the number of soil grains may be considered to be directly proporticnal 
to the weight cf the dry soil present in that vclume. This would probably 
be an unjustified statement if very small volumes of a soil consisting cf unequal 
grains were considered. But in a sample having a volume of several cubic 
centimeters these differences are negligible for ordinary, arable soils, so that 
these soils may be considered as made up of average grains, equal weights of 
dry soil signifying equal numbers of grains. If two equal volumes of such 
a soil have the same number of soil particles and the same water content, the 
number of wedges should be the same, the curvatures of the air-water inter- 
faces should be the same, and water should not move from one sample to the 
other if they were placed in contact. For soils of heterogeneous composition 
this statement will be the more nearly true the smaller the amount of water 
the samples contain; for with small amounts, the water is more closely dis- 
posed about the points of contact of the grains. 

If samples of some one soil are graded according to their solid content and 
according to their liquid content, each sample, however, having such a water 
content that the curvatures of its water surfaces are the same as those of the 
others (thus rendering their capillary tensions equal), the two series of values 
(solid content per unit of volume and corresponding liquid coutent) obtained 
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may be plotted one against the other to form a graph that may be regarded as 
exhibiting the variation in the number of wedges per unit of gross soil volume, 
corresponding to changes in the number of soil grains per unit of volume. If 
the curvatures are all the same and the water contents are the same no sample 
should be able to obtain water from any of the others and each should deliver 
water at the same rate as the others to a standard absorbing body. 

A method has been devised by which such data may be obtained. By its 
means samples of a given soil, each of approximately uniform packing may be 
secured that permit the movement of only about 0.001 gm. of water during 
24 hours through an area of about 30 sq. mm. to a standard absorbing body. 
The liquid and solid contents are then determined for each sample as weights 
per unit of gross volume. If the weights of solids per unit of gross volume 
are plotted for the several samples as abscissas, the corresponding weights 
of liquid plotted as ordinates, and the points so obtained connected by a 
line, a curve is produced that is characteristic for the particular soil investi- 
gated. Each soil is thus considered as a three-phase system; solid-liquid- 
gas, that is defined in any condition of packing and water content when two 
of the three variables are stated in reference to the entire volume occupied by 
the three. These variables should, of course, be stated in terms of volume 
but for the present the more convenient weights will be used. 

By changing the absorbing power of the standard body a family of such 
curves might be obtained. These curves will be called the liquid-solid curves, 
or, more briefly, the l-s curves characteristic of the particular soil from which 
the data were derived. Each curve may be considered as exhibiting the 
change in the number of wedges per unit of gross soil volume that occurs as 
the number of soil grains is altered, the curvatures of the air-water interfaces 
remaining the same. The lowest curve, which is the only one that has been 
determined, also exhibits the water content for each solid content of the given 
soil below which the rate of water movement can be considered negligible. 
Because of its importance this curve should be specially designated, and since 
it is the lowest of the family it will be termed the a I-s curve, or, briefly, the 
a curve, and the water content corresponding to any ordinate value thereon 
will be termed the a water content of the soil for the corresponding solid con- 
tent per unit of gross volume. 

A statement of the rate of decrease in the amount of water moving through 
a given area in the soil in unit time into an absorbing body that removes the 
water as fast as it reaches the body (as an osmometer or root hair may be 
supposed to act) may now be attempted. On the basis of the preceding 
reasoning this rate of decrease will vary inversely with time and also inversely 
with the a water content for the particular solid content of the soil that was 
encountered in the test considered. Or 


dy/dt = k/mt (1) 


In which k represents a factor of proportionality, m, the proper a water con- 
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tent, and y, the decrease in the rate of water movement during the time, #, 
reckoned from the beginning of the test. For any given test m is a constant 
and since k is also a constant the equation may be integrated directly: 


y=k/m.mt+C (2) 


In which C represents the constant of integration, /m is the accepted abbrevia- 
tion for “natural logarithm of” and the other symbols have their former 
significance. 
The rate of water movement at any instant of time may then be expressed 
by the equation 
dx/dt = s — (k/m) Int +C (3) 


In which x represents the amount of water that has moved through the given 
plane from the beginning of the test until the time, ¢; s, the amount that moved 
through the plane during the first interval of time, an amount that should 
move across in each interval if no decrease in rate occurs. The other symbols 
have their former significance. 

To render equation (3) suitable for experimental verification it must be 
integrated for a finite period of time. Since, for any one test, s is a constant 
the integration may be readily performed: 


a = st — (k/m)t (Int — 1) +Ct+C’ 


In which C’ is the new constant of integration and the other symbols have 
their former significance. 


When ¢ = 0, x = Oand accordingly C’ = 0 
When / = 1, = sand since s is defined as the rate during the first interval of 
time 


x=s+(k/m)+C 


for during the first interval of time ¢ = 1 and/n1=0. Accordingly 
C = — (k/m), and the complete equation becomes 
x = st — (tk/m)(Int — 1) — tk/m 
or, rearranging, 
x = st — (k/m)t.Int [see footnote 6] (4) 


For any unit interval of time, 


Xe — X= S(te — th) — (R/m) (to.In te — ty.In ty) 


6 It will be at once noted that the effects of temperature, changes in viscosity and surface 
tension, etc., are not considered in the equation. While these variables undoubtedly in- 
fluence the rate of water movement, it seems inadvisable to consider them in a preliminary 
study. The data secured in these tests indicate, moreover, that these variables have slight 
effects compared with fluctuations in the rates and experimental errors, so that it is necessary 
to ignore them. 
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or since fg — #; = 1 


Xe — 4% = Ss — (k/m) (te.ln te — th.ln th) (5) 
or 
S = X — X41 + (k/m) (t2.ln te — th.ln ty) (6) 


To test the equation, k must be determined and this can be done only with 
approximate success from the data at hand because of the lack of knowledge 
concerning the initial rate, s, and because of the fluctuation from one period 
to another in the amount of water absorbed by the osmometer. The physica] 
meaning of these fluctuations will be discussed later, and for the present pur- 
pose a smoothed curve will be considered. This smoothed curve should 
represent the same total movement of water during the entire course of the 
test as that found by experiment but it should have no inversions, i.e., no 
ordinate value should be higher than any preceding ordinate value. The 
fluctuations are thus temporarily looked upon as accidental or non-essential] 
deviations of experimental observations from the true course of a physical 
process. 

Since & has the same value for all tests, at least for each soil, the one ex- 
hibiting smaller fluctuations in the observed rates than do the others, should 
be selected for its determination. Two values for the rates are needed and 
these are best selected toward the end of the test when the decrease in rate is 
small, in order that the smoothing may be done with the least error. Ccn- 
stants obtained in this way are, of course, not accurate but the importance of 
the subject and the difficulty of making field tests justifies the use of what 
data may be secured even though, from the standpoint of strict accuracy, 
they may appear inadequate. 

Test No. 3 was selected and the rates were plotted between period 30 and 
the end of the test, period 54. A straight line was then drawn as nearly as 
possible along the course it was considered the smoothed curve should pass. 
At period 35 this line had a height of 5.5 units, and at period 52 a height of 
5 units. Since « represents the total amount of water absorbed by the 
osmometer since the beginning of the test to the time at which x is measured, 
%tn35 — Xta34 = 5.5 cu. mm. and %25; — %=5, = 5 cu.mm. Data for two 
simultaneous equations of the form of equation (6) are thereby presented for 
the determination of k: 


s = 5.5 + (k/m) (t35 . In t35 — tq . In t34) 
s = 5.0 + (k/m) (ts. . In ts, — ts, . ln ts) 
Combining these equations and rearranging terms 

5.5 — 5.0 = (k ‘m) (ts. ln ts» = ts, ln tsy wi t35 ln t35 + b34 .ln t34) 
or 


m (5.5 — 5.0) 


ts .ln ts» — ts; ln ts) = t35 In t35 + t34 .ln b34 ? 
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By the method of experimentation already discussed to some extent m, 
the a water content of the soil, was found to be 76 cubic millimeters for each 
cubic centimeter of this soil when the solid content per unit of gross volume 
was the same as that found from volume samples of the field soil taken when 
the osmometer test was made. Substituting this value of m and the proper 
values for the other symbols 


76 X 0.5 


= k= 94 
205.4676 — 200.5218 — 124.4390 + 119.8976 


In the graphs (fig. 3-11) the continuous lines represent the results of cal- 
culating x2 — x: for the various time periods and the dotted points represent 
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Fic. 3. Test 1 OF THE OSMOMETER OPERATING AGAINST GARDEN SOIL 


Total percentage of moisture on the basis of field- volume, 0.193 per cent. 


tubes of the osmometers. Remembering that this section deals only with the 
general slopes of the curves, the discussion of their heights being reserved for 
section 2, it will be noted that the graph of the fourth test (fig. 6) is the only 
one that has a slope notably different from the actual osmometer readings. 
In this test 0.08 cm. of rain fell during the hour and a half between period 3 
and period 12. During the rain the osmometer was covered with canvas 
which also prevented direct wetting of the soil within two feet of its position. 
This is of significance when the rates of water intake are observed between 
periods 13 and 32. About thirty minutes after the cessation of the rain the 
rates decreased greatly and continued to do so more gradually until period 
32 when they became more nearly constant. The speed with which the 
saturated surface soil attained equilibrium with the dryer soil surrounding 
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Fic. 4. Test 2 OF THE OSMOMETER OPERATING AGAINST GARDEN SOIL 
Total percentage of moisture on the basis of field volume, 0.200 per cent. 
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Fic. 5. Test 3 OF THE OSMOMETER OPERATING AGAINST GARDEN SOIL 


Total percentage of moisture on the basis of field volume, 0.213 per cent. 
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Total percentage of moisture on the basis of field volume, 0.211 per cent. 
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Fic. 7. Test 5 OF THE OSOMETER OPERATING AGAINST GARDEN SOIL 


Total percentage of moisture on the basis of field volume, 0.237 per cent. 
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the corresponding water intake in cubic millimeters as read on the graduated 
osmometer (about 2 feet away and about 4 inches below the surface) is 
indicated by the general decrease in water intake between periods 13 and 32. 
Unfortunately the rain began so soon after the osmometer was placed in 
position that conclusions regarding the apparent increase in water intake 
are not justified, for, as will be explained in section 3, the first few observaticns 
on the rates in each test are unreliable. 

Although in all cases the general decrease in the rates of water intake as 
time proceeds are very closely paralleled (with the excepticn noted above) 
by the slope of the calculated curve, it is conceivable that the conditions con- 
trolling the decrease in rates are wholly different from those considered in 
formulating the expression by which the calculated curve was obtained. That 
results calculated with the aid of an equation agree with experimental data 
is not conclusive evidence that the equation is based upon sound reasoning 
or justified assumptions. When, however, an equation is successfully applied 
to a given kind of process under conditions of great diversity, its value as a 
means of predicting phenomena must be recognized. Although the proposed 
equation has not by any means been thoroughly tested, it has been applied 
to a considerable range of moisture content for two soils of widely different 
character. The total volume percentage of soil moisture encountered in these 
tests ranges for the garden soil between 19.3 per cent and 26.0 per cent, and 
for the sand between 10.0 per cent and 21.5 per cent, while the value of m 
ranges between 51 and 77 for the garden soil and 51 and 61 for the sand (table 
1). This.expression, accordingly, may be considered to have considerable 
value for calculating the decrease in the rate of soil-water movement unless 
conditions during these tests were such as are not generally effective in the 
movement of soil moisture. Of such conditions three groups present them- 
selves as possibly shaping the data: conditions introduced by the instrument, 
conditions of temperature and conditions of evaporaticn. 

It is at first sight possible that during the operation of the osmometer the 
solution becomes more and more diluted by the entering water, each increment 
of dilution decreasing the osmometer’s capacity to absorb water. During 
the preliminary experimentation in search of a method for increasing con- 
vection this question was very thoroughly considered. Table 2 presents the 
data obtained from a test of an osmometer constructed as described and 
figured in this article, operating against water for 11 hours and 20 minutes. 
The observations were made at intervals of 5, minutes (the intervals in the 
tests against soil were 10 minutes long) and is representative of the average 
magnitude and fluctuation of the readings for all the tests with this type 
of osmometer. They are presented because the time during which this test 
was made was greater than for any other. It is evident that there is no 
decrease in rate at all proportional to that observed in the soil tests even 
though the average intake during ten minutes was several times the rates 
for the soil tests. It must then be concluded that dilution of the osmometer 


RATE OF WATER MOVEMENT IN 


AERATED SOILS 


ee rT Tt ae eee et ae eee ee eT 
b 410UR . bee 
* | a 
= ° Re ¢ cum © quam © cmmm © 2 -4 
_ AIR ae 8 
oS L2H 
* : ~ eee ee ee ee ee R — 
. QI 
r SO/L (al 
is Baa 
5 & 4 
T Wo 
a . hy 
ip P ; ha 
be cJ of +. o r H 
—~ e . a RS = 
4 : Qo 
my 40} 
: PERIOD - 

i Os 4 POE cet Ws 


Fic. 8. TEst 6 OF THE OSMOMETER OPERATING AGAINST GARDEN SOIL 


Total percentage of moisture on the basis of field volume, 0.260 per cent. 
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Fic. 9. Test 7 OF THE OSMOMETER OPERATING AGAINST GARDEN SOIL 


Total percentage of moisture on the basis of field volume, 0.257 per cent. 
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solution is not an explanation of the decrease in rate as observed in the tests 
with soil. . 

Since temperature is known to affect the equilibrium between solutions and 
pure solvent when the imposed pressure remains constant, it might seem that 
temperature changes could be the controlling influence in shaping the graphs 
(although this effect of temperature probably does not always proportionally 
affect the speed with which equilibrium is attained for in many cases this 
rate of solver t entrance may be controlled within wide limits by the membrane, 
a circumstance not usually considered when the relation between osmotic 
pressure and root absorption is discussed). There is, however, no evidence 
that this is true. The temperature curves are not followed by the graphs of 
osmometer rates, although sudden variations in temperature are often ac- 
companied by corresponding variations in the rates. This latter effect of 
temperature will be considered in section 4. 

The effect of evaporation may be discussed under two heads: the actual 
depletion of the soil by evaporation from its surface, thus lessening the amount 
of water available for movement, and the increase in a capillary tension that 
is transmitted throughout the soil and increases the resistance to water move- 

‘ment. There is little evidence obtainable from these experiments so far as 
the former is concerned, although there is much general ground for the belief 
that considerable water is withdrawn from the soil during the course of a 
day under many conditions. Although a dust mulch very effectively di- 
minishes evaporation from soils, this condition probably was true only in 
tests 1, 5, 8 and 9, and in the latter two the withdrawal of water by the roots 
of actively transpiring plants may have offset the effect of the mulch. In 
tests 1 and 5 the decrease in rate is approximately that calculated, indicating 
no abeyance of the conditions occasioning the decrease, as would be the case 
if evaporation were the cause of the diminished rate and a soil mulch were 
present that prevented evaporation. 

Test 4 indicates the extent to which added water influences the rate of 
movement and may throw light on the question of the effect of withdrawal 
of water. The day was cloudy and there was almost no wind. The fact that 
the observed rates near the close of the test are very close to the calculated 
rates and the speed with which the rates decrease after cessation of the rain, 
indicate that the water was rather quickly distributed and that the amount 
precipitated (0.08 cm.) was too small to alter the water content of the soil 
except locally. It is thus probable that a considerable part of the water that 
entered the osmometer between the first effect of the rain on the rate and 
period 30 or 22 was derived from the upper layers of the soil, which later 
attained approximate equilibrium with the deeper layers. The effect of the 
rain was thus probably only transitory and without any far-reaching effects. 
Attention should again be directed to the fact that no data exist for determin- 
ing the rates before the rain and an error in the height of the calculated curve 
might render the above statements untrue. 
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The questions concerning a capillary tension transmissible through the soil 
as such, without concomitant movement of water, its increase by evaporation 
and the consequent augmented resistance to soil-water movement, may be 
discussed with the aid of more direct data. Evaporation on sunny days 
increases during the morning, reaching a maximum intensity early in the 
afternoon and decreasing toward evening. If the removal of water from the 
upper layers of the soil by evaporation produces an increase in the capillary 
tension which is transmitted throughout the soil mass without involving move- 
ment of water, it might be expected that movement of soil moisture would 
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Fic. 10. Test 8 OF THE OSMOMETER OPERATING AGAINST SAND 


Total percentage of moisture on the basis of field volume, 0.100 per cent. 


Fic. 11. Test 9 oF THE OSMOMETER OPERATING AGAINST SAND 


Total percentage of moisture on the basis of field volume, 0.215 per cent. 


progressively decrease during the day. The rate of this decrease then, should 
be greatest during the early afternoon, or if it is assumed that the daily 
evaporation produces a mulch that decreases this noonday maximum, the 
diminution in rate should be more rapid in the morning. This latter suggestion 
finds support in the data from all the tests that were started in the morning, 
and these rates do not show a more rapid decline early in the afternoon as 
would be expected if the first of the two hypotheses were true. However, the 
rates in the tests that were begun in the afternoon exhibit the same sort of 
progressive decrease, and this does not seem susceptible of explanation on the 
ground of a far-reaching capillary tension. Since the decline in all cases is 
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very exactly accounted for in a quantitative manner by the general hypotheses 
of water movement, the capillary tension hypothesis advanced above may be 
dismissed, at least until more definite information of its effect is obtained. 


2. THE HEIGHTS OF THE GRAPHS 


An inspection of the graphs suggests at once that the amount of water in 
the soil is the chief condition controlling their heights. An analysis of the 
Tucson data (19) indicated that with a soil of a given moisture content, the 
rate of intake, as might perhaps be expected, varied with the area of the 
absorbing surface. This led to the idea that the initial rate of water move- 
ment depended upon the area of the membrane that was in actual contact 
with the water of the soil. The resistance of the soil to water movement 
would, according to this view, not affect the amount absorbed during the first 
instant of time but would subsequently diminish the rate. Part of the water 
in the soil must be considered to be held so strongly in position that it does 
not share in capillary movement. As already noted some of this water is held 
in the hygroscopic films (or “‘adsorbed”’ films) on the soil grains. In addition 
to this, water may be present in wedges whose air-water interfaces are so 
greatly curved and each wedge may be composed of so little water that a soil 
containing only this amount and that in the hygroscopic films can deliver 
water only at so small a rate that it may be considered negligible. Thus, 
only water that is present in the soil in excess of the sum of the two amounts 
just mentioned may be considered movable by capillary urge. This, water 
content permitting but neglible water movement is termed the a water con- 
tent of the soil and, as already mentioned, an experimental means for its 
approximation has been found. 

If this view is correct, the initial rate of water absorption should be pro- 
portional to the 3 power of the amount of water in unit field volume of a 
given soil in excess of the a content (i.e., proportional to the area of one face 
of a cube whose volume is that of the water contained in unit gross volume of 
soil in excess of the a water content). In mathematical form this statement 
becomes: 

s = r(a — m)! 


In which r is a factor of proportionality, @ signifies the amount of water pres- 
ent at the time of the test in a unit of gross volume of the soil and m rep- 
resents, as before, the a water content of the same soil when it has the same 
content of solids as when a was determined. It is, of course, necessary that 
both a and m be determined by drying the soil to the same extent. Substitut- 
ing this value of s in equations (4) and (5), the complete expressions, as ex- 
actly as it is now possible to formulate them, become 


x = r(a — m)*t — (k/m)-t-lnt (7) 


x2 — x; = r(a — m)' — (k/m) (bln te — tyln th) (8) 
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In order to evaluate 7, s must be known for some one actual test. It was 
not possible to secure experimental values for s (section 3) but an approxima- 
tion may be obtained by adding to the water intake during any interval of 
time the calculated amount that the rate had decreased since the beginning 
of the test, i.e., by substituting the proper values in equation (6). When this 
is done, using the data for time interval 52 of test 3 (the test that was used 
to evaluate k) 


s = 5 + (94/76) (205.4676 — 200.5218) = 11.1 cubic millimeters, and 
r=s/(a—m)' = 11.1/26.6 = 0.417 


The continuous lines in the figures for garden soil were plotted from equa- 
tion (8) using this value for ry and the value for k obtained in section 1. In 
general, the agreement is very close, the noteworthy exceptions being tests 
4,5 and 7. In test 4 the high rates previous to period 32 may probably be 
explained as an effect of the rain. For the others, unless there was an error 
in the determination of the moisture content of the soil, the expression is not 
an accurate statement of the rate of water movement under the conditions 
obtaining during those tests. The actual water content of the soil was, in 
both cases, lower than that of test 6 (table 1), although the value of (a — m) 
was higher in test 7 than in any other test with this soil, which may indicate 
that since the expression is approximately correct for soils both above and 
below them in water content, the error is in the determination of soil moisture 
or soil solids or both. Such circumstances render the loss of more than two- 
thirds of the data, because of leaking osmometers, regrettable. 

Turning to the tests with sandy soil, it will be noted that they exhibited 
a higher rate than was to be expected from the magnitude of the values ob- 
tained for (a — m) (table 1). Test 9, for example, had a total water content 
only slightly higher than (¢ — m) for test 7, yet the rates were much greater. 
The most obvious possibility is that ry must not be regarded as a universal 
constant for all soils, but that it varies in magnitude from one to another. 
The value of r was accordingly redetermined, the data obtained in test 8 
being used. The rate at period 17 was taken from the osmometer data and 
this, with the corresponding values for the other symbols, was substituted in 
equation (6). 


s = 2+ (94/61) (48.1644 — 44.3616) = 7.9 
r’ = s/ (a— m)' = 7.9/11.5 = 0.686 


When this value of r’ is used for test 9, the other test with sand, the value 
obtained, 20.2, for r! (a — m)! is found to be in good agreement with the 
value of s, 20.1. This indicates a characteristic difference between the two 
soils since the value of the constants appears to hold over a considerable range 
of soil moisture, the entire range for which they have been tested. 

The variation in r from one soil to another introduces another obvious 
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limitation to its use as a constant: it contains no statement of the degree of 
soil moisture that will produce the highest rate possible. It is apparent that 
when a certain amount (perhaps characteristic of a given soil) of water is 
added to a unit volume of soil by displacing contained air, the wedges become 
completely confluent, the hygroscopic films disappear and the soil mass loses 
its structure, becoming simply a body of water containing soil grains and gas 
bubbles. The surface forces no longer operate in the movement of water but 
are effective only in partially conditioning the form and volume of the gas 
bubbles. The soil has then passed beyond the range of moisture content for 
which the proposed equation was formulated, for such a soil is undrained. 
How sharply this point will manifest itself may only be conjectured. If this 
point is independent of the percentage of solids in the soil mass, it may be 
characteristic only of the kind of soil. It would appear that a marked change 
in specific volume should occur at this point and it may be thus quantitatively 
the same as the “critical moisture” content of Cameron and Gallagher (11). 
If these points are identical the volume percentage of the contained water 
should vary with the volume percentage of the solids, as is plainly indicated 
by these author’s observations on wetted and dried soils. The apparent agree- 
ment between the “critical moisture” content and the “‘moisture equivalent”’ 
of Briggs and McLane (9) cannot be considered real since the method used 
by the latter authors (subjection of the sample to great centrifugal force) 
must result in a packing of the soil so that this “constant” cannot be deter- 
mined for soils with a low percentage of solids if a constant force is employed. 

Since there is undoubtedly a variation from one soil to another in the 
degree of soil moisture at which surface forces are no longer effective in the 
movement of water, there is great probability that, of two soils having the 
same value for (a — m)!, the one that would have the lowest percentage of 
water when puddling occurred would exhibit the higher initial rate, for it 
would be nearer complete saturation than the other. These considerations 
emphasize the need of further investigations on the “critical moisture’ con- 
tent of soils, especially with regard to a simplification of the method and the 
relation of this point to that at which puddling occurs. 

Another explanation for the relatively smaller rate with the garden soil 
than with the sand is based upon the decrease in surface tension caused by 
the fatty substances of the manures that were applied to the former. Whether 
this had an effect upon the gas-water surface-tension or only upon the solid- 
water surface tension cannot be stated because of the meagerness of data,’ 
although it seems at present that the latter is the more probable. 

In table 1 and in figure 12 are presented the values of s calculated from the 
observed rates and the value of k, together with the corresponding values of 
r(a — m)'. If a straight line is drawn, passing as nearly as possible through 
all the plotted values of s in the tests with garden soil it intersects the hori- 


7 Considerable literature on absorption in soils is summarized by Patten and Wagga- 
man (18). 
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zontal axis at the right of the origin. This may indicate that water may be 
present in the soil above the a water content and yet permit of no measurable 
absorption by the osmometer or it may indicate that the curve becomes 
changed in slope as it approaches the horizontal axis. A line drawn through 
the two values for s determined from the sand tests, however, cuts the origin 
almost exactly and in view of the difficulty of obtaining from the present 
data information regarding the actual values for s uncomplicated by tempera- 
ture effects and errors of observation, it is idle to attempt a conclusion on 
this point. 
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Fic. 12. InrtrAL RATES OF THE Sort TESTS 


Points designated r signify the rate was calculated from the expression r (a—m)% in which 
r = 0.417, r’ signifies the rate was calculated from r’ (a—m)? in which 7’ = 0.686, and s 
signifies the rate was calculated from equation (6). 


3. THE HEIGHTS OF THE GRAPHS DURING THE FIRST FEW MINUTES 


Apparently the first few observations in each test are not indicative of the 
actual movement of water into the osmometer. To obtain a reading truly 
representative of this movement it is necessary that the instrument, when 
placed in the soil, shall be at once in full operation and that no change shall 
occur in the volume of the contained solution, other than that due to the 
entrance of water. As already noted, complete contact with the soil was 
assumed only when movement of the osmometer was not followed by an 
apparent increase in the rate. 
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The temperatures of the solutions used in the tests were lower than those 
of the soil in every case except those of 6, 8 and 9. The actual amount of 
these differences cannot be stated, as some change occurred before the osmom- 
eter could be placed in position, but since an approximate change in volume 
of 10 cu. mm. follows a change in temperature of 1.0°C., the probability of large 
errors in the first few readings is very great. Although no data are available 
dealing with the temperatures of the solutions used in the tests with sand it is 
very probable that the soil was much the colder. The soil temperatures were 
low and the osmometers and solutions were exposed to direct sunshine during 
the thirty to forty-five minutes required to transport them to the locality at 
which the tests were made. 

Besides the inaccuracies due to causes already mentioned, the observation 
of the rate during the first time-interval is probably affected by the drying 
of the soil surface during the time the osmometer was being placed in position, 
the excess of water on the membrane, due to incomplete removal with absorb- 
ent paper, and deficiency of water in the membrane through exposure to the 
air. These conditions appear to be only temporary and are, perhaps, of slight 
importance. 


4, THE APPARENT FLUCTUATION IN THE RATES OF WATER MOVEMENT 


Of the possibilities in this connection, expansion and contraction of the 
osmometer solution due to changes in temperature are undoubtedly influential. 
It is impossible to estimate accurately this class of effects because the rate of 
temperature change in the solution was necessarily slower than the rate of 
change in the external temperature, so that the volume of the solution must 
often have been changing in a direction opposite to that in the external tem- 
perature. Since there was some change in the temperature of the soluticns 
the fluctuaticns in the rates must be ascribed at least to some extent to tem- 
perature changes. 

The changes in volume of the solution were read on a graduated tube made 
by cutting off the capillary tip of a Mohr pipette, having a capacity of 1 cc. 
and graduated to hundredths. Since it was necessary to read to thousandths 
(cubic millimeters) tenths of intervals were estimated. Errors in estimation 
of a cubic millimeter were accordingly possible, although the probability of 
frequent errors greater than this is small. 

Fluctuation of the observed rates is also possible through the lack of uni- 
formity in the soil. As has been noted, a soil is in equilibrium when the 
surface curvatures of all the wedges are the same, regardless of the amount of 
water contained in the wedges.’ If the soil were perfectly homogeneous, all 
grains being of the same shape, touching each other at corresponding points 
and uniformly distributed, the amounts of water forming the wedges would 
probably be the same. Without question this condition never obtains. Some 
wedges, because of accidents of shape and arrangement of soil grains ccntain 


RATE OF WATER MOVEMENT IN AERATED SOILS 263 


more water than others. Uniformity of distribution of either water or soil 
grains also certainly never occurs. In consequence of this irregular distri- 
bution of water it appears inevitable that the same alteration in capillary 
tension in different portions of a soil will be accompanied by movement of 
different amounts of water. In such ways fluctuations in the rate of intake 
by the osmometers may occur. 

Changes in the positions of the soil grains consequent upon water withdrawal 
would decrease the rate of movement from wedge to wedge and this effect 
should be most apparent in loosely-packed soils. Reference to the graphs 
will make evident the apparent fact that, in general, the greatest variation is 
in such soils, but it should also be noted that it is in such soils that the lack of 
uniformity in soil and water distribution is the greatest, thus producing the 
effects discussed in the preceding paragraph. 


THE DETERMINATION OF THE PERCENTAGE OF WATER IN THE SOIL ON THE 
BASIS OF APPARENT, OR GROSS SOIL VOLUME 


The usual methods for obtaining the volume percentage of moisture con- 
sist of cutting a rather large block of soil, or removing a short column with a 
tube forced into the soil, or removing a mass of soil with a soil augur. Of 
the three, the last-mentioned is the best method although it is, like the first, 
unsatisfactory because small stones and other objects that have no direct 
effect upon water movement may comprise a part of the soil removed. The 
first method is also unsatisfactory because the dimensions of the blocks are 
difficult to determine with accuracy. The second method is of least value 
since the tube compacts the soil because of friction between the soil mass 
and the walls of the tube. Compression of the soil in front of the tube will 
prevent the desired amount of soil from entering and compression within the 
tube will change the volume of that portion of the soil that is removed, these 
circumstances preventing any accurate knowledge of the volume occupied 
by the soil when in its original condition. Packing also occurs when the soil 
augur is used but to a less extent. The need was accordingly for an instru- 
ment with which samples might be removed in practically their original volume. 
The instrument described below and illustrated in figure 13 was constructed 
to cut soil blocks quickly and with a high degree of accuracy. 

A thin, flat blade of metal was attached to a handle in such a way as to 
give a rigid surface about 2 inches broad and 4 inches long. This blade was 
pointed at the tip and sharpened along the sides and tip to a knife edge. A 
rectangular box, formed from sheet metal with the upper and lower faces open 
and with the lower (cutting) edge of the remaining four sides bevelled on the 
outside (so that all compression of the soil in a direction normal to the di- 
rection of movement of the cutting edge was avoided), was hinged to the 
blade in such a way that it would pivot about an axis parallel to the broad 
surface of the blade. In operating the instrument, this rectangular box was 
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turned on its axis until it stood at right angles to the broad blade, which was 
then forced horizontally into the soil about an inch below the surface. The 
box was then swung downward to a horizontal position, thus cutting out a small 
block of the soil that lay above the blade. The entire instrument was then 
removed, the soil lying outside the box was brushed away, and the soil 
projecting above the sides of the box was trimmed witha sharp knife to form 
a surface flush with the sides. The weight of the water and that of the soil 
contained in the block were then determined in the usual way, by weighing, 
drying at 103-105°C., and reweighing. 


TOP VIEW 


we SIDE VIEW 


Fic. 13. INSTRUMENT FOR OBTAINING SOIL SAMPLES OF KNOWN FIELD VOLUME 


To determine the internal capacity of the box, a block of putty was cut out as 
described above, removed, and dropped into a graduated cylinder partly full 
of water. The increase in volume of the contents of the cylinder gave the 
capacity of the box. Several determinations made in this way indicated 
that the volume of the soil blocks was 7.6 cc., the greatest variation observed 
being about 1 per cent. 

Soil samples obtained in the field were immediately placed in small glass 
vials, tightly stoppered with paraffined cork stoppers and weighed indoors 
to the nearest centigram within five minutes of the time they were obtained. 
They were later dried at a temperature of 103-105°C. in an electric oven in 
the same vials with the stoppers removed, cooled in a desiccator over calcium 
chloride, the stoppers replaced and again weighed. 
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THE SOILS USED IN THESE TESTS 


The garden in which most of the tests were conducted had been terraced 
up to its present height 10 feet above the land below, so that its level was near 
the summit of the hill of which it had formerly been the steep eastern slope. 
It had been in constant use as a vegetable garden for over fifty years and had 
been almost yearly manured with stable manure. The soil is a very black 
sandy loam, containing almost no clay, but with considerable amounts of 
humus. No test was made within 4 feet of the position of any former test. 

The soil termed sand formed a 30-foot hill whose steep northern slope 
extended down to a river. This soil is a fine yellow sand and very uniform. 
A thin (2 to 3-inch) layer of dark, humus-bearing soil overlay the sand and 
the osmometers were placed with the upper edge of their membranes about 
an inch below the junction of the two sorts of soil. Large oak (Quercus rubra) 
elm (Elmus Americana) and basswood (Tilia Americana) trees grew on this 
hill in sufficient number to shade the area in which the tests were made. Near 
the river Taraxacum officinale, several ferns, mosses, Viola, Oxalis, Cnicus, 
Ribes Cynosbati and Ribes Canadensis were growing sparsely, and among them 
test 9 was made. A portion of the slope was much steeper than the remainder, 
forming a ridge running back from the water’s edge. Some distance from the 
river this ridge supported only infrequent clumps of a coarse grass, and here 
test 8 was made. 


SUMMARY OF FIELD PROCEDURE WITH OSMOMETERS 


An osmometer, after being tested for permeability, was filled with M. 1.5 
magnesium sulfate solution and carried to the experimental plot (30 to 40 
yards in the garden, a few feet when the sand was tested) in water. A wedge- 
shaped trench was cut in the soil to a depth of about once and a half the 
height of the osmometer, i.e., about six or seven inches, and slightly narrower 
at the top than was the osmometer at its widest part. The edges of the trench 
were trimmed with a sharp knife to a plane surface, making it slightly wider 
at the top than the maximum diameter of the osmometer. The instrument 
was then removed from the water, the excess moisture on the surface of the 
membranes was removed with absorbent paper and it was lowered into the 
trench until it fitted snugly. Pressure was carefully regulated so that the 
natural texture of the soil surface was altered as little as possible. The 
remainder of the trench was filled with the earth that had been removed in 
its formation, some of which was used to cover the entire osmometer except 
the horizontal graduated tube. As soon as the instrument was in position an 
observation was made and further observations were taken regularly during 
the time the osmometer was in operation. A thermometer was inserted in the 
soil within an inch or two or the osmometer’s position but in an undisturbed 
portion and another was hung near the first and close to the level of the ground. 
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Numerical data for the soil tests 
(Area of membranes 2.863 sq. cm., 7 = 0.417; r’ = 0.686; k = 94; length of period, ten minutes) 
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TABLE 1 


: ® ™ 
2 = « “~0 =e siiaietas ain . asa 
aisle ei 
1 Garden | 193} 74 | 119} 24.20) 10.1 10.2 9.40 a.m. 2.00 p.m. 
2 Garden | 200| 77 | 123} 24.73) 10.3 10.0} 12.10 p.m. 8.50 p.m. 
3 Garden | 213] 76 | 137) 26.60) 11.1 11.1) 10.00 a.m. 7.00 p.m. 
4 Garden | 211} 62 | 149} 28.10) 11.7 11.4) 10.50 a.m. 7.00 p.m. 
5 Garden | 237] 74 | 163} 29.85) 12.5 1S:2 3.50 p.m. 8.00 p.m. 
6 Garden | 260] 70 | 190} 33.05) 13.8 13.8} 11.15 a.m. 5.05 p.m. 
7 Garden | 257| 51 | 206} 34.90) 14.6 16.2 10.40 a.m. 4.40 p.m. 
8 Sand 100} 61 | 39} 11.50} 4.8} 7.9} 7.9 2.50 p.m. 6.00 p.m. 
2 Sand 215) 51 | 164) 29.50) 12.3) 20.2} 20.1 11.50 a.m. 3.00 p.m. 
TABLE 2 
Numerical data of the test of the osmometer operating against water 
(Length of period five minutes) 
a || te || F | F F B9 
se @ | 58 | B | s* i € | s8 i 8 | 5% | @ | 38 
a) | Os 3} | 4 Oo | cy o a z) Ay me cle : 
1 | 32 24 | 31 | 47 | 32 70 | 30 93 | 31 | 115 | 28 
2 |-36 || 25 | 31 |} 48 | 30 |] 71 29 04} 28 || 116] 29 
3 | 35 |} 26 | 31 49 | 30 || 72 | 30 |) 95} 27 || 117] 29 
4 | 32 || 27 | 33 SO | 30 || 73 | 27 |} 96} 27 || 118} 28 
5s | 30 || 28 | 31 |] 51 | 30 |} 74 | 30 |! 97] 30 Ht 119] 28 
6 | 32 || 29 | 30 |} s2 | 30 |} 75 | 29 |} 98] 29 | 120} 28 
7 31 || 30 33 | 53 30 || 76 30 || 99] 27 | 121 | 27 
8 | 29 || 31 | 31 |) 54 | 36 |] 77 | 29 || 100) 31 | 122 | 27 
9 | 32 || 32 | 31 55 | 30 78 | 28 || 101| 29 || 123] 28 
10 | 32 || 33 | 30 56 | 30 || 79 | 28 || 102) * 124 | 28 
11 33 || 34 . 57 29 || 80 | 30 103 | 27 125 | 28 
12 | 32 | 35 | 32 |] ss | 31 |] 81 | 27 || 104| 29 || 126] 28 
13 | 31 || 36 | 27 59 | 29 82 | 30 105 | 29 127 | 30 
14} 31 || 37 | 31 60 | 29 || 83 | 29 106 | 29 128 | 29 
15 | 32 |} 38 | 33 61 31 84 | 29 107 | 28 129 | 27 
16 | 32 || 39 | 31 62 | 28 85 | 29 108 | 29 130 | 27 
17 33 | 40 | 30 63 29 86 | 30 109 | 29 131 | 28 
18 | 32 || 41 30 64 | 32 vw i 2 110 | 28 132 | 27 
19 | 31 || 42 | 30 65 | 34 88 | 28 111 | 28 133 | 28 
20 | 30 || 43 | 29 66 | 30 89 | 30 112 | 30 134 | * 
21 | 34 | 44 | 32 67 * 90 | 29 113 | 28 135 | 29 
22 | 31 || 45 | 29 68 | 30 91 29 114 | 27 136 | 30 
23 | 31 || 46 | 30 |] o9 | 30 |] 92 | 30 | | 


* Column reset to zero. 
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On sunny days and during rain the osmometer and thermometers were pro- 
tected by a canvas shade about 6 feet square. 

The greater portion of this work was done in the Laboratories of the Botani- 
cal Department of the University of Wisconsin and the author is indebted 
to Professor J. B. Overton for facilities, aid and encouragement. He also 
desires to express his thanks to Professor B. E. Livingston, who suggested the 
problem and whose constant interest and help have been greatly appreciated, 
and also to Dr. E. E. Free for many helpful suggestions. 
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EDITORIAL NOTE 


Mr. Nicholas Kopeloff, for 18 months assistant editor of Sort SCIENCE, 
has accepted service with the United States Department of Agriculture and 
finds it necessary for this reason to sever his connection with Som SCIENCE. 
The editors wish to express their feeling of indebtedness to Mr. Kopelofi 
for faithful and efficient service. 


